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The N-heterocyclic carbene catalyzed hetero-Diels-Alder cycloadditions of α,β-unsaturated enones with
NHC-enolate adducts generate γ,δ-unsaturated δ-lactones in high yield and enantioselectivity. A quantitative
structure-activity relationship analysis of experimental results using a series of NHC ligands reveals a strong
correlation between selectivity and steric and electronic parameters. The stereoselectivity-determining step is
determined to proceed through a concerted, asynchronous, zwitterionic hetero-Diels-Alder cycloaddition
rather than a Michael addition or Claisen rearrangement. A transition state model is developed that accurately
predicts the experimental results. A CH–π interaction acting in concert with an anion-π interaction is
determined to be the cause of observed electronic effect. The steric contribution is derived from steric clashes
between the catalyst and the approaching enone.
The N-heterocyclic carbene and hydroxamic acid co-catalyzed kinetic resolution of secondary cyclic amines
developed by the Bode lab furnishes enantioenriched amides and amines with selectivity factors up to 74. A
mechanism study revealed that the reaction proceeds through a novel hydroxamic acid proton transfer
modification of the concerted aminolysis pathway. Systematic analysis of transition state conformations
revealed the steric effects that lead to the observed selectivity. The transition state model developed predicted
the observed selectivity factors for two hydroxamic acid esters.
Part II. The asymmetric oxidative coupling of phenols remains a significant challenge in organic chemistry.
Binuclear oxovanadium amino acid Schiff base catalysts developed by Gong and Sasai for naphthol coupling
were determined to be batch-dependent when applied to phenol coupling. Optimization of catalyst
preparation diminished this problem.
Amino ester Schiff base catalysts allowed for in situ complex formation and improved selectivities at the
expense of conversion. Novel BINOL-like scaffolds failed to improve the selectivity in the phenol coupling
reaction. A series of tethered catalysts ultimately led to the identification of monomeric catalysts that can
produce chiral bisphenols in high yield and moderate enantioselectivity.
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ABSTRACT 
PART I: THE CONFLUENCE OF STERIC AND ELECTRONIC EFFECTS IN N-
HETEROCYCLIC CARBENE-CATALYZED PROCESSES 
 
PART II: STUDIES TOWARD THE ASYMMETRIC OXIDATIVE COUPLING 
OF PHENOLS 
Scott Edward Allen 
Marisa C. Kozlowski 
Part I. The N-heterocyclic carbene catalyzed hetero-Diels-Alder cycloadditions of 
!,"-unsaturated enones with NHC-enolate adducts generate #,$-unsaturated $-lactones in 
high yield and enantioselectivity. A quantitative structure-activity relationship analysis of 
experimental results using a series of NHC ligands reveals a strong correlation between 
selectivity and steric and electronic parameters. The stereoselectivity-determining step is 
determined to proceed through a concerted, asynchronous, zwitterionic hetero-Diels-
Alder cycloaddition rather than a Michael addition or Claisen rearrangement. A transition 
state model is developed that accurately predicts the experimental results. A CH–% 
interaction acting in concert with an anion-% interaction is determined to be the cause of 
observed electronic effect. The steric contribution is derived from steric clashes between 
the catalyst and the approaching enone.  
The N-heterocyclic carbene and hydroxamic acid co-catalyzed kinetic resolution of 
secondary cyclic amines developed by the Bode lab furnishes enantioenriched amides 
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and amines with selectivity factors up to 74. A mechanism study revealed that the 
reaction proceeds through a novel hydroxamic acid proton transfer modification of the 
concerted aminolysis pathway. Systematic analysis of transition state conformations 
revealed the steric effects that lead to the observed selectivity. The transition state model 
developed predicted the observed selectivity factors for two hydroxamic acid esters. 
Part II. The asymmetric oxidative coupling of phenols remains a significant 
challenge in organic chemistry. Binuclear oxovanadium amino acid Schiff base catalysts 
developed by Gong and Sasai for naphthol coupling were determined to be batch-
dependent when applied to phenol coupling. Optimization of catalyst preparation 
diminished this problem.  
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Amino ester Schiff base catalysts allowed for in situ complex formation and 
improved selectivities at the expense of conversion. Novel BINOL-like scaffolds failed to 
improve the selectivity in the phenol coupling reaction. A series of tethered catalysts 
ultimately led to the identification of monomeric catalysts that can produce chiral 
bisphenols in high yield and moderate enantioselectivity. 
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1.  The Confluence of Steric and Electronic Effects in the N-
Heterocyclic Carbene-Catalyzed Hetero-Diels-Alder Reaction. 
1.1  Introduction 
N-Heterocyclic carbenes (NHCs) are highly stabilized singlet carbenes that form 
upon deprotonation of azoliums salts (Figure 1.1). The central sp2-hybridized carbon of 
the NHC possesses an empty p-orbital, which is stabilized via resonance contribution 
from two neighboring sp2-hybridized nitrogen atoms. Contrary to non-stabilized 
carbenes, NHCs persist in anhydrous and anaerobic conditions. The bulky substitution on 
the two nitrogen atoms reduces dimerization,1 allowing the free carbenes to participate in 
chemical reactions. NHCs are known to effect a wide variety of chemical 
transformations, both as ligands on metals2 and as organocatalysts.3 The NHC backbone 
is tunable through modification of the heteroatom at the 2-position, the degree of 
unsaturation between the 2- and 3-positions, and the substitution about the parent 
heterocycle. Diverse arrays of NHC precursors with varying electronic and steric 
properties are available.4 Many enantiopure NHC compounds with the substitution 
pattern shown in Figure 1.1, right, have been utilized in asymmetric transformations, due 
to the wide range of chiral amino alcohols available.5 
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Figure 1.1  Formation of NHCs and a prototypical chiral NHC. 
Investigations of organocatalytic processes utilizing NHCs possessing the substitution 
pattern shown in Figure 1.1, right, have demonstrated that both electronics and sterics 
play important roles in controlling the reactivity of NHC catalysts toward a given 
substrate.6 For example, NHCs with electron-poor N1-aryl substitution are more effective 
for intra- and intermolecular benzoin7 and Stetter8 reactions, while NHCs with electron-
rich N1-aryl rings are more effective in annulation9 and hydroacylation10 reactions.  
Similar investigations of transition-metal-catalyzed processes by Plenio and 
coworkers demonstrated that changes to the degree of unsaturation and the electronic 
character of NHC ligands has a profound effect on ruthenium-catalyzed olefin 
metathesis.11,12 NHC ligand sterics also play a subtle role in the regioselectivity of 
reductive couplings of aldehydes and alkynes catalyzed by nickel-NHC complexes.13 
With the advent of reliable computational methods, many theoretical studies of NHC-
catalyzed processes have been conducted to elucidate full reaction paths14,15,16,17 and 
origins of selectivities16b,18,19,20 effected by a particular asymmetric NHC catalyst. 
However, few theoretical studies contain an examination of steric and electronic 
contributions across a series of NHC catalysts and the role they play in determining the 
outcome of a particular reaction.21  An in-depth study of these effects allows not just for 
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the identification of factors leading to the observed selectivity, but also for quantification 
of these effects. 
Our studies of the NHC-catalyzed hetero-Diels-Alder cycloaddition seek to ascertain 
the mechanism and the control elements in this asymmetric transformation. A 
quantitative structure-activity relationship (QSAR) analysis separates the observed 
selectivities into electronic and steric components. Following determination of the likely 
mechanism of the enantioselectivity-determining step via the calculation of the pKa of a 
transient intermediate, detailed theoretical studies locate and quantify the relationships 
identified in the QSAR analysis. 
1.2  Experimental Results from Bode Group   
In 2006 Bode and coworkers first reported the NHC-catalyzed inverse electron 
demand hetero-Diels-Alder reaction between azadienes and enolates derived from 
nucleophilic attack of an NHC into an !,"-unsaturated aldehyde.22 Subsequent studies 
have expanded the substrate scope to include oxodienes (!,"-unsaturated carbonyl 
compounds) and have identified !-chloro aldehydes23 and !-chloroaldehyde bisulfate 
adducts24 as practical enolate precursors. Most recently, the addition of a weak base has 
allowed the utilization of enals as enolate precursors (eq 1.1, Scheme 1.1).25  The NHC 
precursor employed for all transformations is a triazolium complex with chiral indane 
backbone derived from cis-1-amino-2-indanol. Cycloaddition of the !,"-unsaturated 
enone or imine dienes to the enolate generated in situ affords #,$-unsaturated $-lactones 
or $-lactams in >20:1 dr and up to 99% ee as well as nearly quantitative yields. 
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Scheme 1.1  Selected substrate scope of the NHC-catalyzed hetero-Diels-Alder reaction 
H
O
R1
+
N
NN
O
Mes
10 mol%
20 mol% DMAP or 
i-Pr2NEt
CH2Cl2, 40 °C, 24 h
O
O
R3R2
R1
Cl–
1.5–2.0 equiv >20:1 dr
R3R2
O
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R1 R2 R3 yield (%)b ee (%)cconditionsa
Ph
p-CHOC6H4
H
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n-C3H7
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2-furyl
H
C(Me)2OH
C(Me)2OH
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C(Me)2NHCBz
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Me
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A
A
A
B
C
D
E
E
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89
79
60
91
54
63
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99
99
99
99
96
99
99
a Conditions: A = 10 mol% catalyst, 15 mol% N-methyl morpholine, 0.1 M CH2Cl2, 18–24 h, 40 °C
B = 10 mol% catalyst, 15 mol% DMAP, 0.1 M CH2Cl2, 6–18 h, 40 °C
C = 10 mol% catalyst, 15 mol% N-methyl morpholine, 0.1 M toluene, 24 h, 40 °C
D = 10 mol% catalyst, 15 mol% N-methyl morpholine, 0.2 M CH2Cl2, 24 h, 40 °C
E = 10 mol% catalyst, 15 mol% iPr2NEt, 0.3 M CH2Cl2, 30–48 h, 40 °C
b Isolated yields; c Determined by SFC analysis
(1.1)
 
 
To develop a model of this reaction, a series of NHC catalyst congeners with varying 
electronic and steric properties were examined using reaction conditions identified by 
Jessada Mahatthananchai of the Bode Group. The results of this study are given in Table 
1.1. The full structures of the NHC ligands are shown in Figure 1.2. A cursory 
examination of the experimental results shows that the most successful catalyst is the 
electron-rich and sterically bulky mesityl-substituted L1 (Table 1.1, entry 1), while the 
least successful catalyst is the electron-poor pentafluorophenyl-substituted catalyst L6. 
(entry 6). The experimental conversions are also given in this table, though the theoretical 
study at hand does not strive to explain these data. The differences in enantioselectivity 
arise from the same step for all the catalysts (the enantioselectivity-determining step), 
while the differences in conversion can arise from any step in the catalytic cycle as well 
as differences in the amounts of NHC catalysts generated from the precursor salts. It 
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should be noted that though the NHC precursors are salts, no counterion effect has been 
observed when base is added to the reaction; in the absence of base, the chloride ion can 
act to deprotonate the triazolium salt.6 
Table 1.1  Experimental conversions and selectivities of NHC catalysts for one reaction. 
+
10 mol% NHC
1.5 equiv NEt3
toluene
rt, 14 h
O
O
MeO2C Ph
1.5 equiv
H
O
Ph
Cl
(1.2)
N
NN
O
Ar
Ph
Cl–
1.0 equiv
Ph
O
MeO
O
Entry Aryl exptl ee
a 
(%)b
1
2
3
4
5
6
7
8
9
10
2,4,6-(CH3)3-C6H2 , L1
2-Me-4-OMe-C6H3, L2
2-Me-C6H4, L3
2,4,6-Cl3-C6H2, L4
2,4,6-Cl3-C6F2, L5
C6F5, L6
3,5-(CF3)2-C6H3, L7
4-CF3-C6H4, L8
C6H5, L9
4-OMe-C6H4, L10
99
99
98
99
97
76
89
95
97
98
a Experimental ee values from for the reaction in eq 1.2; b % ee 
determined using SFC (Diacel Chiralpak AD-H)
conversion
(%)
100
100
100
95
93
47
34
15
50
75
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Figure 1.2  N-Heterocyclic carbene congeners examined experimentally and 
theoretically. 
 
1.3  Quantitative Structure-Activity Relationship 
The results in Table 1.1 suggest a relationship between the experimental selectivity 
and the electronic character of the N1-aryl ring, especially for the catalysts with no ortho-
substitution (L7-L10). A Hammett analysis of these results demonstrated a strong 
correlation between the enantiomeric ratio and the Hammett parameters ('p for para-
substitution, 'm for meta-substitution, and the sum of parameters for polysubstituted 
rings), with a (-value of –0.63 and a correlation coefficient of 0.96 (Figure 1.3, dashed 
line).26 However, the same Hammett analysis with all catalysts included showed no 
correlation (solid line), showing the well-known limitation of Hammett parameters for 
describing the steric effects of ortho-groups. 
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Figure 1.3  Correlation between experimental enantiomeric ratio and Hammett 
parameters for aryls without ortho-substitution (square data points, dashed line) and all 
aryls (solid line). 
 
To develop a quantitative structure activity relationship (QSAR)27 model that 
accounts for both steric and electronic effects, we investigated several steric parameters 
(Taft, Charton, STERIMOL, dihedral angles) jointly with electronic parameters ('m, 'p, 
'*, 'ind).28 The data set under investigation consisted of 10 data points, so equations were 
limited to two variables to avoid overfitting the data. The QSAR model was optimized by 
holding the electronic variable constant while systematically substituting steric 
parameters for the other variable. This process was then repeated, holding the steric 
variable constant and systematically substituting electronic parameters. The fit was 
evaluated using the value of R2 at each step. Once the optimum fit was obtained, it was 
subjected to a cross-validation (leave-one-out) analysis.29 The QSAR analysis revealed a 
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strong correlation between the log of the experimental enantiomeric ratio, the Hammett 
'm electronic parameter, and the STERIMOL L steric parameter (Table 1.2).30 
 
Table 1.2  Selectivities and electronic and steric parameters used in the QSAR analysis. 
Entry Aryl exptl ee
a 
(%)b
1
2
3
4
5
6
7
8
9
10
2,4,6-(CH3)3-C6H2 , L1
2-Me-4-MeO-C6H3, L2
2-Me-C6H4, L3
2,4,6-Cl3-C6H2, L4
2,4,6-Cl3-C6F2, L5
C6F5, L6
3,5-(CF3)2-C6H3, L7
4-CF3-C6H4, L8
C6H5, L9
4-MeO-C6H4, L10
99
99
98
99
97
76
89
95
97
98
a Experimental ee values from for the reaction in eq 2; b % ee
determined using SFC (Diacel Chiralpak AD-H); c Sum of !m values for all substituents on the N1-aryl ring; d L parameter for the largest ortho
group of the N1-aryl
"!mc
STERIMOL L 
parameterd
–0.21
0.05
–0.07
1.11
1.79
1.70
0.86
0.43
0.00
0.12
2.87
2.87
2.87
3.52
3.52
2.65
2.06
2.06
2.06
2.06
 
 
The structure-activity relationship and the resulting correlation coefficient is shown in 
equation 1.3, and a contour plot of the equation is shown in Figure 1.4. Note that the 
dependence on the Hammett parameter is similar to that observed in the non-ortho-
substituted catalysts (! = –0.63, Figure 1.3), which indicates that N1-aryls with greater 
electron density afford better selectivity. This QSAR model can also account for the 
substitution at the ortho-position: the positive relationship indicates that catalysts with 
larger N1-aryl ortho-substitution perform better. 
 
log(er) =  –0.692!m + 1.77x10-4L7 + 1.871
R2 = 0.942 (1.3)  
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Figure 1.4  Contour plot of the free-energy relationship described in eq 1.3. 
 
 
The seventh power of the STERIMOL L parameter indicates that steric size is the 
major contributor to reaction selectivity. This parameter accounts for the distance 
between the functional group (in this case, the N1-aryl ortho-groups) and the parent 
phenyl ring, taking into account the approximate van der Waals radius of the functional 
group.30 For example, a diagram of the STERIMOL L parameter for the 2-pentyl 
functional group is shown in Figure 1.5. Unlike other steric parameters (Taft, Charton, 
etc.), the STERIMOL L value for hydrogen is 2.06, not zero. The success of the 
STERIMOL parameter indicates that ortho-hydrogens do not exert zero influence over 
selectivity. The correlation of experimental log(er) to 1.77x10-4L7 – 0.692'm shows that 
when the STERIMOL L parameter is small, it is almost, but not completely, 
inconsequential. However, when it is moderately-sized, it has a profound impact on the 
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selectivity. This fact is clear in the case of the 2,4,6-trichloro-3,5-difluorophenyl-
substituted catalyst. This ring is actually more electron-poor than the pentafluoro-
substituted aryl ()'m = 1.79 and 1.70, respectively). However, the larger chlorine ortho-
groups rescue the selectivity (L = 3.52 for Cl and 2.65 for F), such that the measured 
selectivity for the 2,4,6-trichloro-3,5-difluorophenyl-substituted catalyst is 97% ee, while 
the measured selectivity for the pentafluorophenyl-substituted catalyst is just 76% ee. The 
electron-withdrawing substitution on the aryl ring has a deleterious effect on the 
selectivity, but when the ortho substituent is sufficiently large the L7 term overpowers the 
Hammett parameter term and a higher selectivity is observed. 
L  
Figure 1.5  Diagram of the STERIMOL L parameter for a 2-pentyl group. 
The QSAR analysis localizes the interacting groups and shows that both electronics 
and sterics contribute to the reaction selectivity. To determine the discrete interactions 
that give rise to these trends, a study of the transition states involved in the 
enantioselectivity–determining step is necessary.  
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1.4  Determination of Reaction Path 
1.4.1  Comparison of Claisen and Diels-Alder Pathways 
 
Prior to a full investigation of transition state conformations, the correct reaction 
pathway must be determined. The proposed catalytic cycle is shown in Scheme 1.2. 
Treatment of an !,"-unsaturated aldehyde with an N-heterocyclic carbene (I) in the 
presence of catalytic base leads to the formation of a Breslow intermediate. This 
conjugated Breslow enolate (II) undergoes proton transfer,31 thereby changing the 
nucleophilic position of the complex from the carbonyl carbon to the !-carbon and 
forming an enolate equivalent (III).6,22,32  This enolate equivalent can also be reached 
from NHC attack on an !-haloaldehyde22,33 followed by base-mediated elimination of 
HCl, or by NHC addition to a ketene34 ,35 or other precursor.36 The enolate intermediate 
then undergoes cycloaddition with an !,"-unsaturated carbonyl to give the hemiacetal 
alkoxide IV. Elimination of the NHC catalyst generates the observed lactone product. 
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Scheme 1.2  Proposed catalytic cycle, with the NHC truncated for clarity.37 
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Initial geometry optimizations of intermediate III show that the enolate lies 
perpendicular to the triazolium ring.25 Even though %-conjugation of the enolate with the 
triazolium would be expected to stabilize the planar conformation, steric crowding 
destabilizes this form. In addition, the perpendicular conformation is stabilized by direct 
overlap of the anionic enolate oxygen with the cationic triazolium ring (Figure 1.6). This 
conformation, however, renders ambiguous the likely approach of the enone, as one 
approach is blocked by the indane and the other is blocked by the N1-aryl. 
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Figure 1.6  The lowest energy enolate and the orbital overlap between the enolate and the 
partially-unoccupied %-system of the triazolium. 
 
Three reaction pathways are possible for enantioselectivity-determining step, the 
addition of the enone to III to generate IV (Scheme 1.3). The Diels-Alder pathway 
consists of one concerted transformation, while both the Claisen and Michael pathways 
consist of two steps. In the Claisen-type pathway, addition of the enolate oxygen into the 
enone is followed by [3,3]-sigmatropic rearrangement to generate a new enolate that then 
attacks the acyl triazolium to yield the product. In the Michael-type pathway, 
nucleophilic attack by the NHC-bound enolate into the !,"-unsaturated carbonyl in the 
stereoselectivity-determining step generates the same new enolate intermediate that 
undergoes addition-elimination to give the product and regenerate the catalyst. 
Computation of the pure Michael-type pathway gave rise to trans-substituted enolate 
intermediates that would need to undergo cis-trans isomerization to generate the 
observed lactones. As such, our efforts focused on the pericyclic processes. 
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Scheme 1.3  Possible stepwise and concerted mechanisms for the cycloaddition reaction. 
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The mechanism as initially proposed by Bode and coworkers23 employs a Diels-Alder 
cycloaddition between a zwitterionic enolate and an enone. However, initial 
computations of the transition state for this pathway provided support for the initial 
carbonyl adduct needed for a Claisen pathway. Intrinsic Reaction Coordinate (IRC) 
calculations show that the enolate lies perpendicular to the triazolium prior to the 
approach of the enone, as per the structure in Figure 1.6. As the enone approaches, the 
enolate rotates such that it is coplanar with the triazolium ring in the transition state. 
Notably, the enone approaches from the same side of the triazolium ring as the enolate 
oxygen, suggesting a secondary orbital interaction between the enolate lone pair and the 
enone carbonyl %*, manifested as a minimum in the carbon-oxygen bond length. 
Figure 1.7 shows a plot of the reaction coordinate (i.e., reaction progress) resulting 
from the IRC calculation. The blue represents the internuclear distance between the 
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enolate oxygen and the enone carbonyl carbon, while the red line represents the relative 
energy in kcal/mol leading to the transition state. Figure 1.8 shows the structure of key 
steps along the IRC. The point of maximum interaction (Point B) occurs immediately 
before the transition state (Point C). Though the interaction looks very similar to the first 
transition state of the Claisen rearrangement (Scheme 1.3), no discrete transition state 
could be located for the Claisen pathway for the enolates; they all collapsed to the Diels-
Alder transition states.  
 
Figure 1.7  A graph of the relative energy (red) and enolate oxygen–enone carbon bond 
distance (blue) leading to the transition state. 
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Figure 1.8  The guiding interaction leading to the transition state, with natural bonding 
orbital overlap. 
 
In addition to the deprotonated transition state that generated the IRC data discussed 
above, protonated transition states were also examined (Figure 1.9). For the two 
protonated versions, both the Diels-Alder and the Claisen rearrangement pathways could 
be located. The eight transition state conformations of the protonated Claisen transition 
state are shown in Figure 1.10. Note that all eight of the transition states are chair-like. 
The analogous boat-like transition states give rise to the minor diastereomer and were not 
considered in this study. 
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Figure 1.9  The two protonated pathways for which transition states could be located. 
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Figure 1.10  The eight Claisen transition states with relative &G in kcal/mol, calculated 
at HF/6-31G(d). Red-labeled transition states lead to the observed major enantiomer; 
blue-labeled transition states lead to the minor enantiomer. 
 
The eight transition state conformations of the protonated Diels-Alder pathway are 
shown in Figure 1.11. The Boltzmann-weighted average &G‡ of the protonated Diels-
Alder transition states is 8.32 kcal/mol higher than that of the protonated Claisen 
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transition state; this difference in energy can be attributed to the stabilization imparted by 
the chair-like transition state.  
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Figure 1.11  The eight protonated Diels-Alder transition states with relative &G in 
kcal/mol, calculated at HF/6-31G(d). Values in parentheses are relative to the lowest-
energy Claisen transition state, TS1Claisen. Red-labeled transition states lead to the 
observed major enantiomer; blue-labeled transition states lead to the minor enantiomer. 
 
   19 
  
19
 
When the proton is removed from both the protonated Diels-Alder or the protonated 
Claisen transition state, the calculations converge to the same deprotonated transition 
state. These transition states, shown in Figure 1.12, possess more Diels-Alder character, 
as evidenced by the similar geometries between the structures and the ordering (relative 
energies) of the transition states in Figure 1.11 and Figure 1.12. However, the secondary 
orbital overlap evidenced by the n-%* interaction does suggest some Claisen character is 
still present. 
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Figure 1.12  The eight deprotonated mesitylene-substituted transition states with relative 
&G in kcal/mol, calculated at HF/6-31G(d). Red-labeled transition states lead to the 
observed major enantiomer; blue-labeled transition states lead to the minor enantiomer. 
1.4.2  Theoretical Calculation of Enolate pKa 
The above results suggest that the key to determining the correct reaction pathway 
between the protonated Claisen, the protonated Diels-Alder, and the deprotonated Diels-
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Alder reactions, is to determine the protonation state of the enolate, a transient 
intermediate. If this enolate is protonated prior to the stereoselectivity-determining step, 
the reaction would proceed through the lower energy protonated Claisen pathway.38 If 
this enolate is not protonated, the reaction would proceed through a Diels-Alder pathway. 
The reaction is performed in the presence of a catalytic amount of DMAP or i-Pr2NEt 
(pKa in water = 9.2 and 10.8, respectively), so the protonated Claisen transition state will 
dominate if the pKa of the enol is above 12. 
Because the enolate is a transient, non-isolable intermediate, the pKa must be 
estimated using theoretical methods. There are a number of established methods for the 
theoretical calculation of pKa values,39 including: 1) thermodynamic cycles,40 2) the 
isodesmic method, otherwise known as the relative pKa or proton exchange method,41 and 
3) linear free energy relationship (LFER) methods correlating pKa  to different computed 
or measured parameters (e.g., O–H bond length, 42 &G of proton dissociation, 43 etc.).44,45 
Unfortunately, these predictive methods are seldom used with larger systems with the 
goal of explaining reactivity.46,47 For example, the thermodynamic cycle calculations 
require very large basis sets (CBS or G3), which are not feasible for the structures under 
consideration here. For the isodesmic method, a reference acid with similar structure and 
known pKa is required, which is also absent here. 
The method that best applies to the large molecules analyzed here is that developed 
by Pulay and coworkers, who determined a LFER between empirical pKa and the 
difference in electronic energy between the solvated acid and the solvated conjugate 
base.48 Here, the integral equation formalism variant of the polarization continuum model 
(IEFPCM) solvation method was employed instead of the COSMO model. 49 
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The resulting theoretical pKa of the conjugate acid of the enolate intermediate was 
found to be 5.5,29 much lower than those of the reactant bases in water. The zwitterionic 
nature of the triazolium enolate accounts for this high acidity. The reaction, however, is 
conducted in dichloromethane or toluene, not water. To estimate the change from water 
to a polar solvent, the case of pyridine N-oxide was used since its conjugate base is a 
neutral zwitterion much like the triazolium enolates under study here (Figure 1.0.13). For 
such molecules, the relative stabilization in DMSO differs little from water [pKa(H2O) = 
0.9, pKa(DMSO) = 1.63]. By analogy, the enolate pKa in DMSO is estimated to be 6.40, 
while the pKa of Et3NH+ in DMSO is 9.00. Thus, the reaction likely proceeds via a 
deprotonated pathway and not via the protonated Claisen rearrangement. 
 
NN NO
O
Me
Me
Me
N
O
pKa (H2O)
pKa (DMSO)
pyridine N-oxide enolate
0.79
1.63
5.56 (calculated)
6.40 (estimated)  
Figure 1.0.13  Similarities in charge stabilization between pyridine N-oxide and the 
enolate intermediate. 
 
1.5  A Model to Account for Electronic and Steric Effects 
1.5.1  Comparison of Model to Experimental Results 
With the most likely reaction pathway ascertained, transition state optimizations were 
performed to determine the root causes of the electronic and steric interactions. To this 
end, the eight model system transition states (eq 1.1, R1 = R2 = R3 = H) were located 
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using HF/6-31G(d) for each of the NHC catalysts used in the QSAR analysis (Table 1.3; 
for QSAR data, see Table 1.2). All of the catalysts in Table 1.2 were examined 
computationally; no structures were excluded. Enantioselectivities were calculated using 
a Boltzmann distribution of the model system transition states at 25 °C.47 These 
calculations were performed concurrently with the reactions shown in eq 1.2. Note that in 
theory, both the !-chloro aldehydes and the !,"-unsaturated aldehydes generate the same 
enolate intermediate examined here, but in practice, the non-ortho-substituted NHC 
catalysts are not reactive with !,"-unsaturated aldehydes due to reversibility in the 
formation of the initial NHC-aldehyde adduct.6  
 
Table 1.3  Accurate prediction of enantioselectivity in eq 1.2 with the deprotonated 
Diels-Alder transition states. 
Entry Aryl exptl ee (%)a
1
2
3
4
5
6
7
8
9
10
2,4,6-(CH3)3-C6H2 , L1
2-Me-4-MeO-C6H3, L2
2-Me-C6H4, L3
2,4,6-Cl3-C6H2, L4
2,4,6-Cl3-C6F2, L5
C6F5, L6
3,5-(CF3)2-C6H3, L7
4-CF3-C6H4, L8
C6H5, L9
4-MeO-C6H4, L10
99
99
98
99
97
76
89
95
97
98
a Experimental ee values from for the reaction in eq 1.2; b Calculated ee for reaction in 
eq 1.1, R1 = R2 = R3 = H model system using HF/6-31G(d). Parenthetical selectivities
calculated using the full system (eq 1.2) at M062X/6-311+G(d,p)//HF/6-31G(d).
99.8 (100)
96.4
97.7
97.3
86.2 (99.6)
81.5 (83.2)
84.1
87.5
93.0
95.0
calcd ee
(%)b
 
 
Overall there is excellent agreement between the calculated and the experimental 
selectivities, with the exception of the 2,4,6-trichloro-3,5-difluorophenyl catalyst. For this 
catalyst system, M06-2X/6-311+G(d,p)50  single point energies of the full system shown 
in eq 1.2 were employed to reproduce the experimental results, due to the combination of 
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the five halogen substituents.51  Both the mesityl- and pentafluorophenyl-substituted 
catalysts were also calculated at this level of theory and their results were found to be 
comparable to the model system. Solvated single point calculations using toluene (* = 
2.3741) were also performed for the mesityl, para-trifluoromethyl, and pentafluoro 
systems using IEFPCM-HF/6-31G(d)//HF/6-31G(d) (Table 1.4). No significant change 
was observed in the calculated selectivities in these systems, indicating that gas phase 
calculations are appropriate for these reactions conducted in nonpolar solvents. 
Table 1.4  Results of solvated single-point calculations on gas phase geometries. 
Aryl
calcd ee (%)b
gas phasec solvated (PhMe)d solvated (CH2Cl2)e
L1
L6
L8
exptl ee
(%)a
99
76
95
99.8
81.5
87.5
99.8
86.9
90.7
99.7
94.2
86.5
a For the reaction in eq 1.2; b Using the model system (eq 1.1, R1 = R2 = R3 = H; 
c HF/6-31G(d); d IEFPCM-toluene-HF/6-31G(d)//HF/6-31G(d), UFF radii; e  
IEFPCM-CH2Cl2-HF/6-31G(d)//HF/6-31G(d), UFF radii  
1.5.2  The CH–% and Anion–% Electronic Effects 
Earlier, it was discussed that the origin of experimental enantioselectivities can be 
broken down into two components: an electronic contribution, reflected in 'm, and a 
steric contribution, reflected in the STERIMOL L parameter. The fundamental basis for 
the electronic contribution will be discussed first, followed by a discussion of the steric 
contribution.  
Figure 1.12 shows the eight mesitylene-substituted transition state conformations and 
their relative &G values in kcal/mol. Note that in each quadrant of the table, the transition 
state on top is lower in energy than the transitions state below it. In the transition state, 
the enolate lies planar with respect to the triazolium ring; the difference between each 
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pair is the orientation of the enolate with respect to the mesitylene ring. In the top energy 
transition state of each quadrant, the enolate oxygen is oriented toward the indane, with 
the nucleophilic carbon oriented toward the mesitylene ring. In the bottom transition state 
of each quadrant, the orientation of the enolate is reversed such that the enolate oxygen is 
situated next to the mesitylene ring and the nucleophilic carbon sits next to the indane 
moiety. 
The dependence of transition state energy on enolate orientation suggests the 
possibility of a guiding force stabilizing the enolate orientation. In the top of each 
quadrant, the innermost enolate proton is pointed toward the mesitylene ring, an 
orientation indicative of a CH–% interaction.52,53 This interaction, displayed more clearly 
in Figure 1.14, is a van der Waals dispersion interaction between the enolate proton and 
the aromatic ring,54 with contributions from indirect interactions between the hydrogen 
and the substituents on the aryl ring.55 
 
Figure 1.14  The CH–% interaction as seen in TS1Mes, with the enone and the indane 
portion of the catalyst removed for clarity.37  
The role of aryl ring electronics in the CH–% stabilization of the transition was probed 
with a bimolecular model system (Figure 1.15), utilizing the enol of acetaldehyde and 
arenes of varying electronic character. The neutral enol of acetaldehyde was employed 
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because the Mulliken atomic charge on the oxygen in the neutral, zwitterionic,TS1Mes (–
0.664), more closely matches that of the enol of acetaldehyde than that of the anionic 
enolate (–0.677 and –0.990, respectively). The arenes employed were trifluorobenzene 
(two orientations, Y1 and Y2), benzene (Y3), and trimethylbenzene (Y4). Due to steric 
hindrance, only one orientation (Y4) was possible for trimethylbenzene. The van der 
Waals complexes shown are gas phase geometry minima optimized at MP2/aug-cc-
pVDZ, using Gaussian 09. This level of theory has previously been applied to CH–% 
complexes of ethylene and benzene.54 Attempts to utilize Dunning’s augmented triple-
zeta basis set (aug-cc-pVTZ) failed due to the large computational requirements. Each 
complex was also optimized and interaction energies calculated at the M05-2X/6-
31+G(d,p) level of theory; Houk and co-workers have performed benchmarks of arene-
arene dispersion interactions at this level.56 For comparison, the ethylene–arene CH–% 
complexes were also optimized. Parenthetical values in Figure 1.15 represent results 
from the ethylene complexes. Interaction energies, given in kcal/mol, are taken as the 
electronic energy of the aryl ring and the enol or ethylene (parenthetical values) 
subtracted from the counterpoise-corrected electronic energies of the complex. 
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MP2/aug-cc-pVDZ
M05-2X/6-31+G(d,p)
–1.78
(–1.80)
–2.05
(–2.04)
–2.32
(–2.21)
–3.52
(–3.42)
–1.21
(–1.22)
–1.51
(–1.51)
–1.94
(–1.84)
–2.89
(–2.79)
2.44 Å
(2.44 Å)
2.45 Å
(2.44 Å)
2.36 Å
(2.33 Å)
2.44 Å
(2.40 Å)
Y1 Y2 Y3 Y4
trifluorobenzene
(staggered)
trifluorobenzene 
(eclipsed)
benzene trimethylbenzene
 
Figure 1.15  BSSE-corrected interaction energies (kcal/mol) and internuclear distances 
(Å) of the CH–% model complexes optimized at MP2/aug-cc-pVDZ. Parenthetical values 
are for the respective ethylene-aryl interaction. 
 
The strength of the enol-aryl CH–% interaction increases with the electron density of 
the aromatic ring, an observation consistent with that seen by Wheeler and Houk in the 
case of edge-to-face benzene dimers. Greater interactions are seen with the enol 
compared to ethylene, due to the inductive electron-withdrawing effect of the oxygen 
atom creating greater positive charge on the interacting enol hydrogen.56 The higher 
interaction energy of the eclipsed trifluorobenzene-enol complex Y2 relative to the 
staggered complex Y1 is likely due to a direct interaction between the enol proton and the 
fluorine directly below it in Y2.55 The internuclear distance between the enolate proton in 
transition state TS1Mes, (Figure 1.16) is similar to the intermolecular distance of the 
mesitylene-enol complex Y4, taken as the distance (2.36 Å) between the enolate 
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hydrogen and the centroid of the arene (Figure 1.15). Note that the TS1Mes enolate–N1-
aryl distance of 2.48 Å is well within the combined van der Waals radii of hydrogen and 
carbon (1.2 Å and 1.7 Å, respectively).57 
 
2.48 Å
TS1Mes  
Figure 1.16  The CH–% internuclear distance in TS1Mes (truncated for clarity). 
 
The marked increase in interaction energy in the case of electron-rich arenes reflects 
the experimental results (Table 1.2 and Figure 1.4), in which higher selectivity was seen 
in electron-rich arenes. A similar correlation between electron density and interaction 
energy was seen in the case of edge-to-face dimers, for which a strong correlation was 
found between the 'm value of the substituents on the face arene.56 Recall that the 
electronic component of the QSAR analysis in eq 3 reveals a strong correlation between 
enantioselectivity and the 'm of the substituents on the arene ring of the NHC catalyst.  
These correlations, coupled with the geometries observed in the transition state, 
support the conclusion that a CH–% interaction plays a significant role in the selectivity of 
these reactions. Notably, this interaction is absent in the protonated Claisen transition 
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states (Figure 1.10). Thus, the Claisen transition states should not exhibit the electronic 
effect observed (i.e., better enantioselectivity with electron-rich N1-aryl groups), which 
further reinforces our hypothesis that the reaction proceeds through a Diels-Alder 
pathway.  
The effect of the CH–% interaction can also been seen in the relative free energies of 
the pentafluorophenyl-substituted catalyst transition states (Figure 1.17). In the case of 
this electron-poor catalyst, the stabilization proffered by the CH–% interaction is 
significantly diminished, and the enantioselectivity of the reaction suffers as a result. 
Note, for example, the relative energy between TS1pentaF and TS3pentaF, which is 1.35 
kcal/mol. The relative energy difference between these two conformations in the case of 
the mesitylene-substituted NHC is 4.83 kcal/mol (Figure 1.12). The difference in sterics 
between the mesitylene and pentafluorophenyl rings also plays a role, the nature of which 
is discussed below. 
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Figure 1.17  The eight pentafluorophenyl-substituted NHC transition states with relative 
&G in kcal/mol, calculated at HF/6-31G(d). Red-labeled transition states lead to the 
observed major enantiomer; blue-labeled transition states lead to the minor enantiomer. 
 
An anion–% interaction between the enolate oxygen and the % cloud of the N1-aryl 
ring is also present.58 This mainly electrostatic dipole-quadrupole interaction59 has been 
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observed both crystallographically60 and computationally61 and serves as a common motif 
in supramolecular chemistry.62  The anion–% interaction stabilizes TS3, TS4, TS7, and 
TS8 in the case of electron-poor aryls such as pentafluorophenyl (Figure 1.17). 
Conversely, electron-rich aryls such as mesityl (Figure 1.12) do not support the anion–% 
interaction, favoring instead the stabilization gained from the CH–% interaction. For the 
electron-rich NHCs, both the CH–% and anion–% interactions thus act in concert, favoring 
TS1, TS2, TS5, and TS6. 
1.5.3  Steric Effects Contributing to the Observed Selectivity 
Prior to a discussion of the role of the N1-aryl ortho-groups, the steric interactions 
between each of the transition state conformations must be understood. A key point of 
flexibility in the catalyst structure is the morpholine ring adjoining the triazolium. This 
six-membered ring can undergo ring-inversion isomerization, which directly controls the 
orientation of the indane ring (Figure 1.18). When the morpholine ring is oriented such 
that the oxygen lies cis to the indane (Figure 1.18, lighter atoms), the indane portion 
extends outward. When the morpholine oxygen lies trans to the indane (Figure 1.18, 
darker atoms), the indane portion is withdrawn. The extended indane conformation is 
lowest in energy in the absence of enone, and the energy required for the compression of 
the indane ring toward the underside of the triazolium can be estimated as the difference 
in energy between TS1Mes and TS2Mes, which is 1.11 kcal/mol for the mesitylene-
substituted catalyst (cf., Figure 1.12). In the presence of the enone, the extended indane 
effectively blocks approach from the bottom face, so much so that TS5Mes could not be 
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located. Even with the indane compressed, however, the enone approach from underneath 
the triazolium always requires more energy than approach from above. 
  
 
Figure 1.18  Superimposition of TS1Mes (lighter atoms) and TS2Mes (darker atoms). 
Hydrogens, enolate, and enone are removed for clarity. 
 
The dependence of selectivity on the STERIMOL L parameter suggests that the N1-
aryl ortho-group plays a direct role in blocking the approach of the enone. This blocking 
interaction can be seen in TS6Mes, the lowest energy transition state leading to the minor 
enantiomer in Figure 1.12. Here, the indane is compressed, the necessary morpholine 
conformation for approach of the enone from the bottom face. This transition state is 3.39 
kcal/mol higher than TS2Mes, which has the same compressed indane-aryl ring steric 
interaction, but lacks the interactions caused by the combined steric bulk of the indane 
plus the enone on the underside of the triazolium ring. In the N1-phenyl congener (TS6Ph 
and TS2Ph, Figure 1.19), the difference in energy (1.28 kcal/mol) is much lower due to 
the lack of ortho-substituents blocking the attack from the bottom face. 
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Figure 1.19  The eight phenyl-substituted NHC transition states with relative &G in 
kcal/mol, calculated at HF/6-31G(d). Red-labeled transition states lead to the observed 
major enantiomer; blue-labeled transition states lead to the minor enantiomer. 
The catalyst with an ortho-methyl N1-aryl is the intermediate between the mesitylene-
substituted and the phenyl-substituted cases. Here, an additional variable is introduced, as 
the methyl group on the NHC catalyst can orient toward the approaching enone or away 
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from it. In nearly every case, the lowest energy transition state has the ortho-methyl 
group directed away from the enone, suggesting that the relative energies should be 
similar to those seen in the phenyl-substituted catalysts. However, the aryl ring in the 
phenyl-substituted catalyst has the ability to rotate away from the incoming enone, 
reducing the relative energies between transition states. This ability to rotate about the 
bold dihedral angle in Figure 1.20 is manifested in the relative energies; for the phenyl-
substituted catalyst, TS6 (indicated dihedral angle = 73°) is 2.01 kcal/mol higher in 
energy than TS1. In the ortho-methylphenyl-substituted catalyst TS6 (with methyl group 
oriented away from the enone, indicated dihedral angle = 78°) is 2.49 kcal/mol higher in 
energy than TS1 (with the methyl group directed away from the enone). This rotation is 
not available to the ortho-substituted N1-aryls, which is why these catalysts perform 
slightly better than the non-ortho-substituted catalysts. 
TS1Ph
 
Figure 1.20  The lowest energy phenyl catalyst, highlighting the triazolium-arene 
dihedral in bold. 
The effect of the ortho group can be quantified by comparing TS6 to TS2 across all 
catalysts. Note that in TS2, the morpholine ring conformation is the same but the enone 
approaches from the top face. A plot of the energy difference between TS6 and TS2 for 
all of the aryls shown vs. STERIMOL L shows a strong correlation (Figure 1.21),63 
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suggesting that the L parameter accounts for the ability of the ortho-group to block the 
approach from the bottom face of the triazolium ring. 
 
Figure 1.21  Energy required for bottom approach of enone (with indane withdrawn) vs. 
STERIMOL L parameter. 
 
Conclusions 
The NHC-catalyzed [4+2] cycloaddition of an enone with an enolate equivalent is 
shown to proceed through a deprotonated Diels-Alder-like mechanism rather than 
through a protonated Diels-Alder or Claisen rearrangement reaction. A QSAR analysis of 
the NHC-catalyzed hetero-Diels-Alder reaction has revealed a correlation between 
experimental enantiomeric ratio, the electronic induction parameter 'm for the N1-aryl 
groups, and the STERIMOL steric parameter L of the N1-aryl ortho-substituent. The 
dependency on the N1-aryl ring electronics is manifested as control over the orientation 
of the enolate with respect to the indane and the N1-aryl. This effect is caused by a CH–% 
interaction that is stronger for electron-rich arenes, which stabilizes the enolate 
conformation leading to the major enantiomer, as well as an anion–% interaction that is 
stronger in electron-poor arenes and which destabilizes the enolate conformation leading 
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to the major enantiomer. The approach of the enone from the same side as the indane 
imparts a steric strain that correlates with the STERIMOL L parameter of the N1-aryl 
ortho-substituent, accounting for the dependence of selectivity on its steric bulk (Figure 
1.22).  
H
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Figure 1.22  Summary of steric and electronic effects in the observed enantioselectivity 
of NHC catalysts. Red enone approaches lead to major observed enantiomer; blue 
approaches lead to minor enantiomer. 
 These interactions are expected to be present in any NHC-catalyzed reaction 
proceeding via similar enolates and can be used to optimize reactivity and selectivity. The 
results of this study show why mesitylene-substituted NHC catalysts are more successful 
in reactions that proceed through enolate equivalents. Further study is needed to 
determine the converse: why electron-poor arenes are better equipped for the NHC-
catalyzed Stetter and benzoin reactions. 
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Experimental Section 
General Experimental Methods64 
All reactions were performed in dried glassware under an atmosphere of dry N2. 
Toluene was dried by passage over activated alumina under an Ar atmosphere. All other 
reagents were used without further purification, unless otherwise noted. Silica-gel 
preparative thin-layer chromatography (PTLC) was performed using plates prepared from 
Merck Kieselgel 60 PF254 (Art 107747). 1H NMR and 13C NMR were measured on 
VARIAN Mercury 300 MHz, 75 MHz or Bruker Avance 400 MHz, 100 MHz 
respectively. Gas-chromatography/mass spectrometry was preformed using an Agilent 
7820A (GC) coupled with an Agilent 5975 MSD Series (MS) system. Liquid-
chromatography/mass spectrometry was preformed using a Dionex UltiMate3000 RSLC 
(LC) coupled with a Surveyor MSQ Plus (MS). SFC conditions. Column, Daicel 
Chiralpak AD-H (4.6 + 250 mm); eluent: CO2: iPrOH: gradient elution from 5% to 50% 
iPrOH; oven temperature at 40 oC; outlet pressure at 100 bar; flow rate of 3.0 mL/min; 
detection wavelength at 220 nm. 
 
Triazolium chlorides L1,5e L2,65 L3,65 L7,7a and L1066 were prepared following the 
procedure of Struble and Bode.5e  Triazolium tetrafluoroborates L4,67  L5,68 L6,5d and 
L826 were prepared using the method of Rovis, et al.5d All catalyst characterization data 
match reported literature values. 
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General Method for asymmetric cycloaddition (eq 2): 
(3R,4R)-methyl 3-benzyl-2-oxo-6-phenyl-3,4-dihydro-2H-pyran-4-carboxylate 
A solution of 2-chloro-3-phenylpropanal69 (26.0 mg, 0.15 mmol, 1.5 equiv), 
triethylamine (20.0 µL, 0.15 mmol, 1.5 equiv), and (E)-methyl 4-oxo-4-phenylbut-2-
enoate70 (20.0 mg, 0.10 mmol, 1.0 equiv) was prepared using 0.5 mL PhCH3. This 
solution was transferred to a vial containing a chiral triazolium salt (0.010 mmol, 0.10 
equiv) (Table 1). The resultant mixture was stirred for 14 hours at rt, after which 1H 
NMR spectra were obtained to determine conversion.71 The products were isolated by 
preparative TLC using 7:1 hexanes: EtOAc. The identity of the product was confirmed by 
1H NMR, 13C NMR, GC/MS or LC/MS, which matched literature reports.23 Percent 
enantiomeric excess was determined by SFC (AD-H, gradient 5-50% CO2: iPrOH), tr = 
8.31 min and 9.61 min. The absolute configuration was assigned based on the previous 
literature report.23 
 
General Computational Methods 
Computational support was provided by XSEDE on SDSC Gordon (TG-CHE120052) 
and PSC Blacklight (TG-CHE110080). Additional computational support was provided 
by the NSF CRIF program, grant CHE-013112, and the ETH High-Performance Cluster, 
Brutus. All calculations were performed using Gaussian 09, version B1 or C1.72 All 
transition states were optimized with HF/6-31G(d) 73 and were confirmed to have one 
imaginary frequency; all local minima were optimized with HF/6-31G(d) unless 
otherwise noted, and were found to have no imaginary frequencies. Intrinsic reaction 
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coordinate calculations74 were performed regularly to confirm that the calculated 
transition states reflected the correct reaction. Thermodynamic data were calculated at 1 
atm and 298.15 K. Zero-point energies and thermal corrections to Gibbs free energies are 
uncorrected and unscaled. All theoretical enantiomeric excesses were calculated using a 
Boltzmann distribution at 298 K. Calculations of natural bonding orbitals75 were 
generated using NBO 5.976 as implemented in Gaussian 09. Solvated free energies are the 
sum of solvated single point energy calculation on gas-phase optimized geometries and 
uncorrected thermal corrections from gas phase frequency calculations, and were 
obtained using the IEFPCM77 solvation method and UFF radii. Graphics were produced 
using ChemCraft.78 
Calculations of pKa were conducted using the method of Pulay and coworkers.48 
Enolate geometries were optimized using the OLYP functional79 paired with the 3-
21G(d) basis set. Optimized geometries were subjected to single-point calculations using 
the OLYP functional and the 6-311+G(d,p) basis set. Implicit solvation, included in both 
the optimization and single-point energy calculations, was modeled with the integral 
equation formalism of the polarization continuum model (IEFPCM)77 using UFF radii 
and water as the solvent (* = 78.3553). Four enolate conformations were considered;25 
the pKa of each enolate conformation was calculated using the LFER established for 
phenols by Pulay and coworkers: pKa = 0.3312(&E) – 89.7135, where &E = E(Aaq–) – 
E(HAaq) and E is the calculated electronic energy.48b The four pKa values thus calculated 
were subjected to Boltzmann-weighted averaging at 298 K using the relative free 
energies calculated at HF/6-31G(d) to obtain the final pKa value.29 
   40 
Intermolecular CH–% interactions were optimized using second-order Møller-Plesset 
perturbation theory (MP2)80 with Dunning’s correlation-consistent double-zeta basis set, 
augmented with diffuse functions on all atoms (aug-cc-pVDZ).81 Structures Y2 and Y3 
were identified as local minima, possessing no imaginary frequencies. Structures Y1 and 
Y4 possess one imaginary frequency, corresponding to rotation about the drawn H–
centroid axis. Interaction energies are taken as the energy of the two components at 
infinite distance subtracted from the basis set superposition error-corrected82 energy of 
the complex. 
Density-functional theory optimizations of the CH–% interactions were conducted 
using the M05-2X functional83 paired with the 6-31+G(d,p) basis set and the default 
integration grid as implemented in Gaussian 09 (75 radial points, 302 angular points). As 
in the case of the MP2 optimized geometries, small (>30 cm-1) imaginary frequencies 
could not be eliminated, indicative of a wide well on the potential energy surface.56  
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2.  A Model for the N-Heterocyclic Carbene and Hydroxamic Acid 
Co-Catalyzed Kinetic Resolution of Cyclic Secondary Amines 
2.1  Introduction 
Kinetic resolution using small-molecule catalysts has proven to be a valuable tool in 
organic synthesis.1 In a kinetic resolution process, the chiral resolving agent reacts more 
rapidly with one enantiomer of the substrate, furnishing enantioenriched product favoring 
one enantiomer and enantioenriched unreacted starting material favoring the other 
enantiomer. While early kinetic resolutions employed a chiral resolving agent and an 
excess of racemic substrate,2 modern kinetic resolutions typically employ a chiral 
catalyst. Many asymmetric catalysis techniques have been adapted for kinetic resolution 
reactions, including olefin metathesis,3 epoxidation,4,5 oxidation,6 hydrogenation,7 and 
acyl transfer.8 
Kinetic resolution via acyl transfer remains one of the most synthetically useful 
methods for resolution of racemic mixtures of alcohols. In these processes, a chiral acyl 
transfer reagent reacts with an activated carboxylate to generate a chiral acylating reagent 
in situ, which reacts preferentially with one enantiomer of the substrate. A benefit to this 
process is the ease of deacylation reactions, which can furnish the reacting enantiomer in 
high yield in just one additional step. Many chiral acyl transfer reagents have been 
developed, including 4-aminopyridines,9 N-alkylimidazoles,10 amidines,11 and N-
heterocyclic carbenes.12 
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Experimental and theoretical investigations have elucidated the origins of selectivity 
for many kinetic resolutions that proceed via acyl transfer. Houk and Birman determined 
that %-% interactions stabilize the transition states in the kinetic resolution of secondary 
alcohols by amidine catalysts (Figure 2.1, left).11,13 Zipse developed a model for 
Spivey’s chiral 4-aminopyridine-catalyzed kinetic resolution of secondary alcohols that 
effectively predicted the selectivity factor across a range of catalysts (Figure 2.1, 
middle).14,15 Sunoj examined the theoretical kinetic resolution of 1,2-cyclohexane diols 
using a conformationally rigid tetrapeptide developed by Schreiner and coworkers 
(Figure 2.1, right).16,17 While many reports have employed quantum mechanical methods 
to study the kinetic resolution of alcohols, to our knowledge, no studies have examined 
the analogous kinetic resolutions of unactivated amines.18 
MeN
N
Me
O
O
Moc
His
Adamantyl 
Bridge
Phe-OMe
O
O
H
H
Schreiner & Sunoj
NF3C N
Ph
H
Me
O
Me
O H
MeO
O
Birman & Houk
N
Et2N
H O
i-Pr
O
Me
i-Pr
H
O
O
Ph
Spivey & Zipse  
Figure 2.1  Quantum mechanical modeling of kinetic resolution processes. 
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2.2  Method development by the Bode Group 
Bode and coworkers first reported the organocatalytic kinetic resolution of 2-
substituted cyclic amines in 2011.19 Treatment of a racemic mixture of amine, !,"- 
unsaturated mixed benzoin 2.1, N-heterocyclic carbene (NHC) precursor 2.2, and chiral 
hydroxamic acid 2.3 with catalytic DBU effects the kinetic resolution via an acyl transfer 
reaction (eq 2.1). The reaction generates enantioenriched amide and unreacted amine 
with selectivity factors up to 74, though most substrates give selectivity factors between 
15 and 25 (Table 2.1). 
Table 2.1  NHC and hydroxamic acid co-catalyzed kinetic resolution of cyclic 2-
substituted amines. 
Mes
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N N
N
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Further catalyst development using the resolution of 2-ethylpiperidine as a test 
reaction (Scheme 2.1) showed that carbamate catalyst 2.9 affords no selectivity, while 
the electron-poor catalyst 2.8 offered no improvement over the original hydroxamide 
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catalyst 2.3.20 The brominated catalyst 2.6 showed greater selectivity and allowed new 
optimized reaction conditions with reduced catalyst loading (inset). However, the 
dibrominated catalyst  2.7 performed markedly worse than the monobrominated catalyst. 
 
Scheme 2.1  Hydroxamic acid co-catalyst development. 
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In the proposed reaction mechanism (Scheme 2.2), the mixed benzoin 2.1 serves as a 
masked aldehyde: addition of NHC 2.2 to 2.1 effects a retro-benzoin reaction, eliminating 
acetone and generating the Breslow intermediate III. Base-mediated proton transfer 
generates enol VI, which undergoes tautomerization to form the acyl triazolium V. 
Contrary to typical Schotten-Bauman reactions, acyl triazolium compounds react faster 
with oxyanions than with amines.21 Displacement of the NHC by the hydroxamic acid co-
catalyst 2.3 generates a hydroxamic ester 2.8a, which undergoes preferential acyl transfer 
with one enantiomer of the 2-alkyl cyclic amine in the enantiodifferentiating step. 
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Scheme 2.2  Proposed catalytic cycle for the NHC and hydroxamic acid co-catalyzed 
kinetic resolution of secondary amines. 
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When the above reaction is performed in the absence of amine, the chiral, enantiopure 
ester can be obtained using column chromatography. Treatment of this ester with a 
racemic mixture of 2-methylpiperidine (Scheme 2.3) effects the kinetic resolution with a 
selectivity factor (s = 18) similar to that observed in the catalytic process (s = 17; Table 
2.1, entry 1). This suggests that the only chemical species necessary for the 
enantiodifferentiating step are the hydroxamic ester and the amine. Notably, the 
hydroxamic pentanoate 2.8b performs only slightly worse than the mesitylene-substituted 
2.8a, suggesting the mesitylene serves only to prevent side reactions in the NHC-
catalyzed process. However, hydroxamic acetate 2.8c shows little selectivity, indicating 
that the sterics of the ester do play an important role in the resolution.  
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Scheme 2.3  Kinetic resolution with stoichiometric hydroxamic ester. 
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2.3  Determination of Reaction Path 
2.3.1  Possible Aminolysis Pathways 
It is clear from the results shown in Scheme 2.3 that the key step in the kinetic 
resolution is the preferential aminolysis of the chiral hydroxamic ester by one enantiomer 
of the cyclic amine. The mechanism of the aminolysis step must be understood prior to an 
investigation of the origins of selectivity. A number of pathways for aminolysis have 
been proposed (Scheme 2.4). The simplest mechanism is the zwitterionic pathway, in 
which the nucleophilic amine attacks the ester to generate a zwitterionic intermediate. 
Proton transfer from the nitrogen to the oxygen generates the tetrahedral intermediate. A 
second proton transfer turns the ester into a leaving group, the driving force being the 
departure of the alcohol to form the amide. Theoretical studies have shown that the 
zwitterionic intermediates proposed in this pathway must be stabilized by at least five 
explicit water molecules,22 rendering the zwitterionic pathway unlikely in dry organic 
solvents. The zwitterionic intermediate can also be stabilized by catalytic 2-pyridinone23 
or by residues in enzymatic active sites.24 
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Scheme 2.4  Aminolysis pathways 
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Two additional aminolysis pathways have been proposed which avoid the formation 
of charged intermediates (Scheme 2.4).25 In the two-step pathway, nucleophilic addition 
of the amine occurs with concurrent proton transfer to the carbonyl, forming the 
tetrahedral intermediate. The alcohol nucleofuge then departs, again with concurrent 
proton transfer, to generate the amide. In the concerted pathway, the amine nucleophile 
attacks the carbonyl as the alcohol departs, the latter removing a proton from the amine. 
In the concerted pathway there is significantly less active participation of the carbonyl.  
The two-step and concerted pathways can be promoted by a proton transfer catalyst 
such as a molecule of water. (Scheme 2.5).26,27 A vicinal alcohol can also serve this 
role.28 The six-membered transition states in the hydrous pathway alleviate the strain 
associated with the four-membered transition states shown in Scheme 2.4.29,30 Other 
small molecule catalysts, including 2-pyridinone,31,32 acetic acid,33 and 
triazabicyclodecene (TBD)34,35 have been found to act as proton conduits. A second 
molecule of amine can also catalyze proton transfer via the general base pathway.36,37,38,39 
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In many systems the concerted and two-step pathways are nearly isoelectronic; steric and 
electronic interactions between reacting partners lead to mechanism differentiation.  
Scheme 2.5  Water-catalyzed aminolysis. 
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2.3.2  Energetic Comparison of Hydroxamic Ester Aminolysis Pathways 
The two-step and concerted pathways, as well as their water-catalyzed (hydrous) 
analogues, were compared to determine the most likely reaction mechanism for the 
aminolysis of the hydroxamic ester in the enantioselectivity-determining step. Rate 
studies of the reaction in Scheme 2.3 show that the aminolysis is first order in amine.40 
The general base pathway, in which a second molecule of amine acts as a proton transfer 
agent, was therefore not considered in this study. A model system was employed that 
utilized hydroxamic acetate 2.7c and unsubstituted piperidine to limit conformational 
freedom in the investigation of the fundamental reaction paths. 
The results of the pathway investigation are shown in Figure 2.2. The black lines 
represent the anhydrous pathway, while the blue lines represent the hydrous pathway. 
Reactions involving proton transfer have a significant amount of inherent charge 
separation. This effect can be seen in the difference between the gas-phase and solvated-
phase free energies (the former shown in parentheses) and demonstrates the importance 
of implicit solvation in these calculations. 
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Figure 2.2  Reaction coordinate for the hydrous (blue) and anhydrous (black) two-step 
pathway (left) and  concerted pathway (right). Relative free energies calculated at 
IEFPCM-CH2Cl2-M062X/6-311+G(d,p)//B3LYP/6-31G(d,p); parenthetical values are 
gas-phase B3LYP/6-31G(d,p) free energies.41 
 
In the first step of the two-step pathway, the explicit water molecule lowers the 
activation energy by ca. 7 kcal/mol. The water molecule allows an N–H–O angle of 153°, 
41° wider than that of the anhydrous transition state (Figure 2.3). In the anhydrous 
transition state, the amine approaches the carbonyl such that the N–H bond is nearly 
parallel to the carbonyl (H–N–C–O dihedral = -13.5). This causes a significant interaction 
between C-2 and C-6 of the piperidine and the oxygen and methyl group of the acetate. 
The six-membered proton transfer of the hydrous pathway allows greater conformational 
flexibility, allowing a slight alleviation of this strain. 
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Figure 2.3  Key bond lengths and angles first step of the two-step pathway for the 
anhydrous (left) and hydrous (right) mechanisms. 
The elimination of the hydroxamic acid does not benefit from the explicit water 
molecule. This suggests that the entropic cost of the water molecule counteracts any 
enthalpic benefit of the expanded transition state.41 The second step of the hydrous two-
step pathway lies just 2 kcal/mol lower than the first step, which means that 
conformational flexibility in this system may change the nature of the rate-determining 
and selectivity-determining step. 
In the concerted pathway, the amine transfers the proton to the hydroxamic acid, 
which departs as the amine attacks. The amine approach necessary for this pathway 
suffers from little of the steric interactions seen in the first step of the two-step pathway. 
Thus, the introduction of the explicit water molecule lowers the energy of activation by 
only 1.81 kcal/mol (Figure 2.2, right). Notably, the lowest energy conformation of the 
hydrous concerted pathway is only 3.09 kcal/mol lower in energy than the first step of the 
hydrous two-step pathway. However, the 33.47 kcal/mol barrier to this process is still 
high for a room temperature reaction. 
A third pathway was considered for the key step of the kinetic resolution process. In 
this pathway, a modification of the concerted pathway, the carbonyl of the hydroxamic 
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acid removes the proton from the amine as it attacks the carbonyl (Figure 2.4). The 
resulting nucleophilic displacement yields the amide and the nitrone tautomer of the 
hydroxamic acid. A simple tautomerization regenerates the active catalyst. The elegant 
work of Wang and Zipse provides precedent for the intermolecular proton transfer with 
concurrent amide tautomerization.32a The proton transfer angle in this pathway for this 
system is 174°, very close to the ideal angle of 180°.29 
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Figure 2.4  The hydroxamic acid proton transfer variation of the concerted pathway. 
 
Analysis of the hydroxamic acid proton transfer pathway (Figure 2.5) shows that the 
activation barrier of the model reaction is 10.79 kcal/mol lower than that of the lowest 
energy pathway shown in Figure 2.2 (hydrous concerted). The barrier to the proton 
transfer required for tautomerization of the nitrone to the hydroxamic acid, calculated 
here as an intramolecular process, is only 3.26 kcal/mol. Given the significantly lower 
barrier for this pathway relative to the two-step and concerted mechanisms, this 
mechanism was used for the analysis of the asymmetric kinetic resolution. 
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Figure 2.5  Reaction coordinate for the hydroxamic acid proton transfer pathway. 
2.4  Conformational analysis of transition state geometries 
To assess the role of sterics and electronics in the asymmetric kinetic resolution 
process, a model system was employed using 2-methylpiperidine, the least 
conformationally flexible substrate tested experimentally, and a hydroxamic acid 
propionate (Scheme 2.3, R = Et). This model system strikes a balance between the steric 
bulk of the pentanoate and the limited conformational freedom of the acetate (recall that 
the latter showed low selectivity in the stoichiometric resolution process). The similar 
success of the pentanoate 2.7b and to the mesitylene-substituted ester 2.7a indicates that 
%-% interactions do not play a significant role in the reaction. For comparison, and to 
affirm the accuracy of the model, the acetate (2.7c) transition states were also located and 
the selectivity factor calculated. 
Five key conformational variables were identified through analysis of the seven-
membered transition state of the hydroxamic acid proton transfer pathway. A systematic 
conformational search identified the lowest energy transition state for this process 
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(Figure 2.6, top left). The contribution of each variable to the overall energy of the 
system was assessed by comparison to this transition state.  
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Si Face approach
Morpholine Ring Inversion
3.39
(3.78)
Nitrogen Inversion
 
Figure 2.6  Lowest energy transition state and key steric interactions for each 
conformational variable. Relative free energies (kcal/mol) given as IEFPCM-CH2Cl2-
M06-2X/6-311+G(d,p)//B3LYP/6-31G(d,p). Parenthetical values are gas phase 
B3LYP/6-31G(d,p) values. 
 
In the absence of amine, the ester group can undergo cis/trans isomerization (Figure 
2.7). The s-trans-ester is favored by ca. 3 kcal/mol due to the A1,2-strain present in the s-
cis-ester. In the transition state, this strain is compounded by a steric interaction between 
the propionate and the indane ring (Figure 2.6, top middle). Interestingly, in the case of 
   73 
  
73
 
the hydroxamic acetate (2.7c, R = Me), this steric interaction is weakened significantly, 
and the s-cis-ester transition states become competitive in controlling selectivity. 
Et O
O
N
O
Et O
O
NO
!G = +3 kcal/mol
 
Figure 2.7  Cis/trans isomerization of the ester in the absence of amine. 
 
As in the case of the hetero-Diels-Alder reaction (see Section 1.5.3), morpholine ring 
inversion of the catalyst backbone impacts the orientation of the indane ring (Figure 2.6, 
top right). When the morpholine oxygen is trans to the indane ring, a strong syn-pentane 
interaction develops (Figure 2.8). This interaction raises the energy of all transition state 
conformations with this geometry.  
 
Figure 2.8  Effect of morpholine inversion on transition state geometry. The higher 
energy conformation is shown with dark atoms; the syn-pentane interaction is highlighted 
in green. 
The chiral, nonracemic ester effects a differentiation between the si- and re-faces of 
the carbonyl. Due to the hydroxamic acid orientation necessary for proton transfer in the 
transition state, si-face attack of the amine results in a strong steric interaction between 
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the ethyl group of the propionate and the indane ring (Figure 2.6, bottom left). This 
interaction is not present in re-face attack (Figure 2.6, top left). In the case of the 
hydroxamic acetate, the cost of this steric interaction is diminished, effecting an erosion 
of selectivity by introducing additional competitive transition states. 
In theory, the ethyl group of the hydroxamic acid propionate ester possesses three 
rotamers. However, one rotamer is excluded due to nonbonded interactions and a second 
is typically higher in energy. In the lowest energy rotamer, the pendant methyl group is 
directed away from the amine and the indane ring, nearly eclipsing the carbonyl carbon 
(Figure 2.6, top left, and Figure 2.9, left). The pendant methyl group is directed toward 
the amine in the higher energy rotamer, imparting a steric strain (Figure 2.6, bottom 
middle, and Figure 2.9, right). The relative energies between the two rotamers is 
decreased in the case of si-facial amine attack due to the aforementioned ethyl-indane 
steric interaction, but the additive effects of these interactions renders those transition 
states noncompetitive. 
0.00
(0.00)
2.31
(2.30)
kcal/molkcal/mol
 
Figure 2.9  Newman projections of ethyl rotamers. Relative free energies (kcal/mol) 
given as IEFPCM-CH2Cl2-M06-2X/6-311+G(d,p)//B3LYP/6-31G(d,p). Parenthetical 
values are gas phase B3LYP/6-31G(d,p) values. 
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The 2-methylpiperidine ring is subject to great conformational flexibility. Nitrogen-
inversion occurs independently of ring inversion, changing the orientation of the lone pair 
from the axial to the equatorial position. The barrier to nitrogen inversion in unsubstituted 
piperidine is 6.1 kcal/mol,42 indicating that both lone pair orientations are available for 
nucleophilic attack. The most stable conformation of 2-methylpiperidine possesses an 
axial lone pair and an equatorial methyl group.43 However, nucleophilic attack by 2-
methylpiperdine with an axial lone pair leads to a higher energy transition state (Figure 
2.6, bottom right), due to a steric interaction between the piperidine ring and the ethyl 
group on the ester. 
For each orientation of the nitrogen lone pair, four orientations of the 2-methyl group 
are available (Figure 2.10). In the most stable transition state conformation, the methyl 
group is on carbon 6 and is axial (Figure 2.6, top left, and Figure 2.10, top left). 
Interestingly, quantum mechanical studies have shown this to be the highest energy 
conformation of the parent 2-methylpiperidine.43 The analogous equatorial-methyl-
substituted conformer (Figure 2.10, top left) is slightly higher in energy, while methyl 
substitution on carbon 2 of the piperidine results in significantly less stable transition 
states due to steric interactions with the ethyl group of the ester (Figure 2.10, bottom). 
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2.38
(1.49)
4.44
(3.93)
5.88
(4.89)
(S)-2-methylpiperidine - equatorial(R)-2-methylpiperidine - axial
(R)-2-methylpiperidine - equatorial
0.00
(0.00)
(S)-2-methylpiperidine - axial
kcal/mol
2
6
2
6
2
62
6
 
Figure 2.10  The four piperidine conformations, with all other variables held constant. 
Relative free energies (kcal/mol) given as IEFPCM-CH2Cl2-M06-2X/6-311+G(d,p) 
//B3LYP/6-31G(d,p). Parenthetical values are gas phase B3LYP/6-31G(d,p) values. 
 
The lowest transition states leading to each enantiomer are the two structures shown 
in the top of Figure 2.10. These two conformations are the same, with the exception of 
the orientation of the methyl group on the 2-methylpiperdine ring: in both transition 
states the ester geometry is s-trans, the morpholine oxygen is cis to the indane, the amine 
approaches from the re-face of the carbonyl, the ethyl group is orientated away from the 
approaching amine, and the nitrogen lone pair is equatorial. The lowest energy transition 
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state, which leads to enantioenriched N-acylated (S)-amide product, possesses an axial 
methyl group (Figure 2.10, left). The lowest energy transition state, which leads to 
enantioenriched amine, possesses an equatorial methyl group (Figure 2.10, right). 
A Boltzmann distribution of all located transition states at 25 °C led to the calculation 
of the theoretical selectivity factor for both the propionate (R = Et) and the acetate (R = 
Me) model systems (Table 2.2).41 The model utilized in this study accurately predicts the 
2-methylpiperidine enantiomer that is more readily acylated in the kinetic resolution 
process. Notably, the calculations employing implicit solvation also correctly predict the 
acetate ester to be less selective than the more substituted ester.  
Table 2.2  Comparison of experimental and calculated selectivity factors. 
N O
O
O
R
HN N
(S)
Me
R
O
Me
HN
(R)
Me
Method Selectivity Factor(Major Amide Product)
Experimentb
Calcd, solvatedc
Calcd, gas phased
R
n-Bu
Et
Et
14 (S)
38.9 (S)
11.4 (S)
a Calculated from selectivity factor, assuming two transition states;
b Reaction conditions given in equation 2;
c Calculated from a Boltzmann distribution of IEFPCM-CH2Cl2-M06-2X/6-
311+G(d,p)//B3LYP/6-31G(d,p) free energies at 25 °C; 
d Caculated from a Boltzman distribution of B3LYP/6-31G(d,p) free energies at 25 °C
Me
Me
Me
2 (S)
7.8 (S)
9.8 (S)
!G (kcal/mol)a
1.56
2.17
1.44
0.41
1.22
1.35
Experimentb
Calcd, solvatedc
Calcd, gas phased
+ + (2)
CH2Cl2
(0.1 M)
23 °C, 18 h
0.5 equiv 1 equiv
2.8 (±)-2.9 (S)-2.10 (R)-2.9
 
2.5  Challenges and Future Work 
Ideally, one would only need to examine the effect of catalyst modification on the 
two lowest energy transition states. However, the small difference between these two 
   78 
  
78
 
transition states complicates efforts toward the rational design of improved hydroxamic 
acid catalysts. Ideally, an effective catalyst would be able to perturb the interactions 
between the two transition state conformers shown in the top of Figure 2.10. However, 
major changes to the geometry of the co-catalyst tend to affect multiple variables, 
introducing new competitive transition state conformations. 
As of yet, the model employed in this study does not account for the difference in 
selectivity between the first-generation and second-generation hydroxamic acid catalysts 
(Scheme 2.1). Hydroxamic acid 2.3, which was employed in the theoretical study, gave 
an experimental selectivity factor of 12 for 2-ethylpiperidine (Scheme 2.1). Brominated 
hydroxamic acid 2.6 gave an experimental selectivity factor of 25 for the same substrate. 
Given the electronic nature of bromine, one might suspect that this difference in 
selectivity is due to electronic effects. However, the nitro-substituted catalyst 2.8 afforded 
the same experimental selectivity as the unsubstituted catalyst. The electronics of the 
arene ring should only have a limited effect on the selectivity, as the arene is separated 
from the atoms in the transition state by an sp3-carbon. A steric effect is also unlikely 
given the distance between the bromine atom and the reaction center (Figure 2.11).  
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2.38
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(R)-2-methylpiperidine - equatorial
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(S)-2-methylpiperidine - axial
kcal/mol
2.32
(1.52)
(R)-2-methylpiperidine - equatorial
0.00
(0.00)
(S)-2-methylpiperidine - axial
kcal/mol
7.60 Å 7.54 Å
Original Catalyst 2.3
Brominated Catalyst 2.6
 
Figure 2.11  Comparison of lowest energy conformations for hydroxamic acid catalysts 
2.3 and 2.6. Relative free energies (kcal/mol) given as IEFPCM-CH2Cl2-M06-2X/6-
311+G(d,p)//B3LYP/6-31G(d,p). Parenthetical values are gas phase B3LYP/6-31G(d,p) 
values. 
The difference in relative energies between the two lowest-energy transition state 
conformations leading to each enantiomer for catalyst 2.3 and 2.6 is not large enough to 
account for the difference in selectivity. An examination of activation energies of the two 
pathways reveals a similar energy of activation for the two processes (&G‡ = 23.0 for 
hydroxamic acid 2.3; &G‡ = 22.3 for brominated hydroxamic acid 2.6). Our postdoctoral 
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associate, Osvaldo Gutierrez, will be examining this system with a number of solvation 
and DFT models to elucidate the origin of the observed difference in selectivity factor. 
Conclusions 
A mechanistic study of the N-heterocyclic carbene and hydroxamic acid co-catalyzed 
kinetic resolution of 2-substituted cyclic amines reveals that the reaction proceeds 
through a novel concerted pathway involving a hydroxamic acid proton transfer. This 
pathway was found to have an activation barrier at least 10.79 kcal/mol lower in energy 
than any other mechanism studied. A systematic analysis of transition state 
conformations showed that the lowest energy transition states for each enantiomer differ 
only in axial vs. equatorial substitution of the methyl group on the piperidine ring. The 
model accurately predicts the products of the kinetic resolution of 2-methylpiperidine for 
two hydroxamic esters. Future work will identify the origins of the improved selectivity 
seen with the brominated catalyst. 
Experimental Section 
Reaction Pathway Determination 
A conformational search was conducted for each transition state using the 
OPLS_2005 force field44 as employed in MacroModel.45 The lowest energy conformation 
was optimized at B3LYP/6-31G(d,p),46,47 followed by single point calculations with 
implicit solvation (dichloromethane, * = 8.93)48 at IEFPCM-M06-2X/6-311+G(d,p)49,50 
using Gaussian09.51 All DFT calculations employ an ultrafine integration grid and tight 
optimization parameters. Zero point energies and thermal corrections were calculated at 
   81 
298 K and are unscaled and uncorrected. Frequency calculations confirmed the identity 
of geometry minima (no imaginary frequencies) and transition states (one imaginary 
frequency). Intrinsic reaction coordinate (IRC) calculations were performed to confirm 
the identity of identified transition states.52 Local minima were found by nudging 
transition states long the reaction coordinate followed by geometry optimization and 
single point calculation at the levels described above. 
Kinetic Resolution Calculations 
Transition state conformations were identified via systematic examination of 
variables rather than a Monte Carlo conformational search. All transition states were 
confirmed to have one imaginary frequency. Gas phase transition state geometry 
optimization was performed using B3LYP/6-31G(d,p) followed by solvated single point 
energy calculations using M06-2X/6-311+G(d,p) and the IEFPCM solvation model 
(dichloromethane, * = 8.93). All DFT calculations employ an ultrafine integration grid 
and tight optimization parameters. Zero point energies and thermal corrections were 
calculated at 298 K and are unscaled and uncorrected. 
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3.  Studies Toward the Asymmetric Oxidative Coupling of Phenols 
3.1  Introduction 
Enantiomerically pure biaryls derived from 1,1’-bi-2,2’-naphthol (BINOL) have 
proven to be valuable tools in asymmetric synthesis.1 Historical methods for the synthesis 
of enantiopure BINOL include optical resolution of a BINOL-cinchonidine inclusion 
compound2 or dynamic kinetic resolution with a stoichiometric copper-amphetamine 
complex.3 However, recent studies by Chen,4 Sasai,5 and Gong,6 with vanadium 
complexes, as well as Nakajima,7 Kozlowski,8 and Martell,9 with copper complexes and 
Katsuki10 with iron complexes (Figure 3.1), have provided a host of methods for 
catalytic oxidative naphthol coupling. These reactions typically employ a catalytic metal 
complex and require only molecular oxygen or air as a terminal oxidant and can provide 
highly functionalized 1,1’bi-2,2’-naphthols in high yield and high enantiomeric excess. 
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Figure 3.1  Catalysts for the aerobic oxidative coupling of 2-naphthols. 
Though BINOL synthesis has undergone a renaissance in the last ten years, relatively 
few methods have been reported to generate chiral biphenols. Attempts to employ the 
diaza-cis-decalin catalyst 3.1 to the oxidative phenol coupling failed, presumably because 
suitable chelating groups (e.g, ester) needed for copper complex formation significantly 
increase the oxidation potential of the phenol.11 In fact, no oxidative asymmetric phenol 
coupling has been reported in the literature.12 The reason for this apparent gap in the 
toolbox of organic chemists is twofold: 1) Phenols are much more difficult to oxidize 
than naphthols, as formation of an aryl radical via one-electron oxidation completely 
disrupts all aromaticity inherent in the parent arene; and 2) While 2-naphthols typically 
undergo oxidative coupling at the 1-position, phenols can undergo coupling at the ortho- 
and para-positions, which is controlled almost entirely by the substitution pattern on the 
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phenol.13 The end result is that catalysts employed in 2-naphthol couplings give very low 
conversion and exhibit very little regiochemical or stereochemical control with phenols. 
Many methods that are used for the asymmetric synthesis of biphenyls can be applied 
to protected biphenols.14  Modern methods specific to the asymmetric synthesis of 
biphenols include the dynamic kinetic resolution of biaryl lactones via the addition of 
chiral nucleophiles,15 transition metal-catalyzed cross couplings (e.g., Suzuki or Stille 
couplings) using chiral auxiliaries,16 diastereoselective Ullmann couplings,17,18 or central-
to-axial chirality exchange.19 These methods, however, require either the activation of a 
phenol monomer or derivatization of the phenol prior to the coupling step. A single-step 
oxidative coupling step of two phenolic monomers would be a more efficient method for 
the construction of chiral biphenols. 
The biphenol motif is present in a number of natural products, some examples of 
which are shown in Figure 3.2 including isoschizandrin (3.6),20 bismurrayaquinone A 
(3.7),21 chaetoglobin A (3.8),22 mastigophorene A (3.9),23 and tellimagrandin I (3.10).24 
Notably, no syntheses of these natural products employ an asymmetric oxidative 
coupling. Rather, the syntheses of bismurrayaquinone A25 and mastigophorene A26 by 
Bringmann employ a dynamic kinetic resolution. The syntheses of tellimagrandin I by 
Feldman,27 as well as the syntheses of mastigophorene A17a and isoschizandrin28 by 
Meyers, employ diastereoselective biaryl bond formation. No asymmetric synthesis of 
chaetoglobin A has been reported. Biphenols have also been used in asymmetric 
catalysis. Schrock and Hoveyda have used the di-tert-butyl biphenol 3.11 in asymmetric 
ring-opening and ring-closing metathesis.29 The diphosphine ligands C3*-Tunephos 
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(3.12)30  and (S)-HexaPHEMP (3.13), which can be generated from the corresponding 
biphenols,31 have been employed in the asymmetric hydrogenation of olefins. 
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Figure 3.2  Natural products and ligands for asymmetric catalysis containing the 
biphenol moiety. 
 
3.2  Amino Acid Catalysts 
A report by Uang on the oxovanadium aceteoacetonate [VO(acac2)]-catalyzed ortho-
ortho coupling of phenols (Scheme 3.1, left),32 as well as reports from Chen, Gong, and 
Sasai on the oxovanadium-catalyzed asymmetric coupling of substituted 2-naphthols 
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(Scheme 3.1, right),5,6 led us to consider BINOL-derived oxovanadium catalysts for the 
oxidative coupling of phenols. 
Scheme 3.1 Precedents for oxovanadium-catalyzed aerobic oxidative coupling of 
phenols. 
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Utilizing the catalyst developed by Sasai and the model substrate identified by Uang, 
Jon Ghergurovich and Dr. Sangeeta Dey optimized the conditions for the oxidative 
coupling of 2,3,5-trimethylphenol (3.14) to the ortho-ortho coupled biphenol 3.15 
(Scheme 3.2). A side product not reported by Uang in the racemic coupling was 
identified as the para-para coupled product 3.18. Production of this regioisomer could be 
minimized through the use of the H8-BINOL catalyst 3.4, which was synthesized by 
condensation of the unnatural amino acid (S)-tert-leucine with the corresponding 
dialdehyde. Unfortunately, repeated attempts to reproduce the high selectivity observed 
by Dr. Dey were unsuccessful; instead, the maximum selectivity obtained using these 
conditions was 69% ee. The reproducibility problems were traced to batch dependence of 
the catalyst.  
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Scheme 3.2  Optimized conditions for the oxidative coupling of 2,3,5-trimethylphenol. 
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The substrate scope of the amino acid vanadium complexes was investigated (Table 
3.1). Racemic phenols were obtained using known methods and enantiomeric excess was 
determined with HPLC assays using chiral stationary phases (CSP-HPLC). Two catalyst 
structures, the BINOL-derived 3.19 and the H8-BINOL-derived 3.4, were employed in 
the substrate scope study. The results of this scope study demonstrate the remarkable 
dependence of enantioselectivity on substrate structure rather than on catalyst structure. 
For example, biphenols 3.15 and 3.20 differ only in the position of one methyl group. 
The former gives excellent selectivity, while the latter is nearly racemic. It appears that 
one position ortho to the phenol must be substituted, however, biphenol 3.22 formed with 
moderate selectivity. 
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Table 3.1  Substrate scope using the amino acid-Schiff base oxovanadium catalysts. 
OH
Me
Me
Me
OHMe
Me
Me
OHMe
OHMe
OHMe
OHMe
OHMe
OHMe
Me
Me
Me
Me
Me
Me
Me
Me
OHMe
OHMe
Me
Me t-Bu
t-Bu
76 (100)a
60 (77)a
90-100
3-25
40
43
33
59
lowd
37
a Results in parentheses obtained with catalyst 3.4; b by 1H NMR; c By CSP-HPLC; 
d Reaction run at 0 °C, NMR shows complex mixture
OH
Me
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Me
OHMe
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Me
(46)a
(79)a
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OH
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R
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V
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O O
O
O
O
t-Bu
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The utilization of the Gong or Sasai original protocols for the synthesis of vanadium 
complexes always resulted in incomplete conversion to Schiff base 3.27 (Scheme 3.3), 
likely due to the addition of NaOAc as a solution in water prior to addition of the 
oxovanadium salt.6 The second-generation catalyst preparation method of Sasai calls for 
refluxing methanol under an oxygen atmosphere; the use of a flammable solvent renders 
this method a potential safety risk. To devise a more reliable method for preparation of 
the amino acid-derived catalyst, a large batch of the Schiff base was synthesized by 
condensation of tert-leucine with the H8-BINOL-3,3’-dialdehyde 3.25. No aldehyde or 
mono-Schiff base material was observed in the TLC of this compound. The 1H NMR of 
the amino acid Schiff base, however, is complex due to an equilibrium between open and 
cyclized (oxazolidin-5-one) isomers (3.27oxz and 3.272oxz, Scheme 3.3).33  
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Scheme 3.3  Synthesis of Schiff base precursor for the systematic study of catalyst 
preparation methods. 
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The isolated Schiff base was then subjected to three different vanadium complexation 
methods: the original method of Gong using oxovanadium(IV)sulfate (VOSO4), a 
modified anhydrous Gong preparation with the same vanadium salt, and treatment with 
oxovanadium(V) triethoxide (VO(OEt)3). The third preparation obviates the use of an 
aerobic atmosphere to generate the vanadium(V) oxidation state. The two anhydrous 
catalyst preparations were further divided and treated with two different complex 
isolation procedures: H2O wash with CH2Cl2 extraction as reported by Gong6 or simple 
concentration using a vacuum manifold. Four different sets of reaction conditions were 
screened simultaneously, using the oxidation of 2,3,5-trimethylphenol as a test reaction: 
1) The reaction conditions optimized by Dr. Sangeeta Dey, 2) the same conditions 
without the acetic acid additive, 3) optimized conditions for the amino ester catalysts (see 
Section 3.3), and 4) the amino ester catalyst conditions without a drying agent.  
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The results of these reactions are shown in Scheme 3.4. Overall, the complexes 
prepared using VO(OEt)3 (bold results) performed better than the catalysts prepared 
using VOSO4, regardless of coupling conditions utilized (Prep methods D and E vs. 
methods A, B, and C.). Also apparent is that the acetic acid additive identified by Dr. Dey 
(Coupling method A) is crucial when the catalyst is made using the Gong and Sasai 
conditions (boxed results). The addition of the acid increases both yield and 
enantioselection, though the origins of these improvements are not yet well understood. 
However, when the VO(OEt)3 preparation is used, the acetic acid additive performs 
comparably to the dehydrating agent, suggesting that the role of the acetic acid is to 
sequester water that forms as a byproduct of the oxidation.  
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Scheme 3.4  Extensive screen of amino acid catalyst formation and reaction conditions. 
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The catalyst synthesis method that employs VO(OEt)3 as the vanadium source clearly 
gives better selectivity and exhibits none of the solvent and condition dependence seen 
with the Gong protocol. This method of catalyst synthesis is currently being used by 
Young Eun Lee to develop the amino acid catalyst further. 
 
3.3  Amino Ester Catalysts 
As discussed above, our original protocol for preparing the amino acid catalysts often 
resulted in incomplete Schiff base formation.  A different catalyst was therefore pursued 
so that the catalyst synthesis was a two-step process, allowing isolation and purification 
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of the Schiff base prior to complexation with the oxovanadium source. To this end, amino 
alcohol ligands were explored as replacements for the amino acid ligands (Scheme 3.5). 
These ligands were inspired by ligands designed by Bolm.34 
Scheme 3.5  Synthesis of amino alcohol and amino ester ligands for oxovanadium-
catalyzed aerobic phenol coupling. 
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Unfortunately, the amino alcohol catalysts gave no conversion to product (Table 3.2, 
entry 1), suggesting that the tight binding of the alcohol ligand obstructs coordination of 
the phenolic substrate. Amino ester catalysts derived from tert-leucine methyl ester (3.28, 
Scheme 3.5) were prepared to create a more labile coordinating group. Gratifyingly, 
these ligands successfully catalyzed the coupling reaction (entry 2). Oxovanadium(V) 
triethoxide was found to be the best oxovanadium source (entry 3) and toluene was the 
best solvent. The addition of a 4 Å molecular sieves as a drying agent improved both 
conversion and selectivity (entry 7).  
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Table 3.2  Optimization of the oxidative dimerization of phenols using oxovanadium 
amino ester complexes. 
Me
Me
Me OH
20 mol% ligand
40 mol% VO source
O2 (1 atm), toluene, rt,
Me
Me
Me OH
OH
Me
Me
Me
Me
OH
Me Me
Me
Me
Me
OH
+
3.14
3.15 3.18
3.31
3.28
3.28
3.28
3.28
3.28
3.28
VO(Oi-Pr)3
VO(Oi-Pr)3
VO(OEt)3
VO(OEt)3
VO(OEt)3
VO(OEt)3
VO(OEt)3
–
–
–
1 equiv H2O
1 equiv NEt3
1.4 equiv AcOH
4 Å MS
4 d
4 d
4 d
4 d
4 d
3 d
4 d
<10
40
68
36
0
52
82
<1
0
0
13
0
13
3
ND
70
77
72
NDc
54
79
Entry Ligand VO source Additive time % o-o % p-p % ee
1
2
3
4
5
6
7
     a Conversion determined by 1H NMR analysis; b Enantiomeric excess determined by CSP-HPLC 
using a Chiralpak IA column; c Not determined  
 
Given the success of the amino methyl ester, a series of ligands were synthesized 
using more bulky esters, amides, and the methyl ether of tert-leucine (Figure 3.3, Table 
3.3). Disappointingly, increasing the bulk of the ester served only to lower the conversion 
without having any effect on selectivity (entries 1-3). Amino amide ligands gave almost 
no conversion and mostly racemic products (entry 4). Surprisingly, amino ethers also 
gave very little conversion and no selectivity (entry 5). These results suggest that the 
interaction of the carbonyl oxygen with the vanadium center is crucial. The lone pair in 
the sp3 ether oxygen is a weaker coordinator, while the carbonyl oxygen of the amide is 
too strong a donor. The ester carbonyl oxygen represents a medium between these two 
extremes. 
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Figure 3.3  Amino acid derived-Schiff base ligands for the oxovanadium-catalyzed 
phenol coupling. 
Table 3.3  Schiff bases from amino acid derivatives in the oxovanadium-catalyzed 
phenol coupling. 
3.28
3.32
3.33
3.34
3.35
4 d
4 d
4 d
4 d
2 d
82
55
35
4
15
3
2
0
3
2
79
74
79
NDc
0
Entry Ligand time % o-o % p-p % ee
1
2
3
4
5
     a Conversion determined by 1H NMR analysis; b Enantiomeric excess 
determined by HPLC using a Chiralpak IA column; c Not determined
Me
Me
Me OH
20 mol% ligand
40 mol% VO(OEt)3
O2 (1 atm), 4 Å MS
toluene, rt
Me
Me
Me OH
OH
Me
Me
Me
Me
OH
Me Me
Me
Me
Me
OH
+
3.14
3.15 3.18
 
The substrates examined with the amino acid Schiff base catalysts (cf., Table 3.1) 
were also examined with the optimized conditions for the amino ester ligands (Table 
3.4). The amino ester ligands do not obviate the need for a methyl group ortho to the 
phenol, and the tert-butyl group is too large and likely prevents association of the phenol. 
Only two substrates gave enantioselectivities above 70%, the 2,3,5-trimethylphenol and 
2,5-dimethylphenol, with the latter giving poor conversion. 
   106 
  
10
6 
Table 3.4  Substrate scope using the amino ester Schiff base ligands. 
OH
OH
R
R
OH
R
20 mol% 3.28
40 mol% VO(OEt)3
O2, 4 Å MS
toluene, rt, 4 d
OH
Me
Me
Me
OHMe
Me
Me
OHMe
OHMe
OHMe
OHMe
OHMe
OHMe
Me
Me
Me
Me
Me
Me
Me
Me
OHMe
OHMe
Me
Me t-Bu
t-Bu
OH
Me
OH
Me
OHMe
OH
Me
3.15 3.20 3.21 3.22 3.23 3.24
conv. (%)a
ee (%)b
82
79
85
6
< 25
76
43
28
100
6
100c
61
a By 1H NMR; b By CSP-HPLC; c All SM consumed, some trimer formed;  
One significant drawback to the amino ester-derived catalysts was that the conversion 
for the standard substrate 3.14 could not be increased beyond 80%. An experiment 
examining the relationship between conversion and isolated yield as a function of time 
showed that while conversion increased with longer reaction times, the isolated yield did 
not (Table 3.5). Instead, the isolated yield plateaus at 50% after just two days. This 
problem is not seen using the amino acid-based catalysts. 
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Table 3.5  Conversion and isolated yield vs. time in the oxidative coupling of 2,3,5-
trimethylphenol. 
Me
Me
Me OH
20 mol% 3
40 mol% VO(OEt)3
PhMe, MgSO4, O2
Me
Me
Me OH
OH
Me
Me
Me
% o-oa % p-pa
5
2
4
54
74
79
Entry
1
2
3
% eeb
74
72
74
     a Conversion determined by 1H NMR analysis. b Enantiomeric 
excess determined by HPLC using a Chiralpak IA column.
time
2 d
3 d
4 d
% isol. yield
49
51
50
 
 
3.4  Novel BINOL-like Scaffolds 
With the apparent exhaustion of avenues for improving the amino acid portion of the 
Schiff base, attention was turned instead to modifying the BINOL backbone. Dr. 
Sangeeta Dey, a former postdoc, had previously shown that bis-phenol ligands were not 
as effective as bis-naphthols, and she had confirmed the observations of Gong and Sasai 
that the H8-BINOL backbone was more effective than that of BINOL. In an effort to 
maintain the dimeric nature of the catalyst, two novel BINOL-like aldehydes were 
proposed and synthesized: the methylene-bridged backbone and the 8,8’-linked scaffold. 
Gina Kim, an undergraduate in our laboratory, synthesized the dialdehyde for the 
methylene-linked biaryl from the commercially available pamoic acid (3.36, Scheme 
3.6). A global methoxymethyl ether protection followed by reduction with LiAlH4 
afforded protected diol 3.38. Oxidation with IBX gave the aldehyde 3.39, which was 
deprotected with concentrated HCl to give the desired methylene-bridged ortho-hydroxy 
   108 
  
10
8 
binaphthaldehyde 3.40. The modified Gong preparation of the vanadium catalyst utilizing 
a water extraction provided the desired complex 3.41 in 70% yield.  
  
Scheme 3.6  Synthesis of methylene-bridged amino acid catalyst derived from pamoic 
acid. 
CO2H
OH
OH
CO2H
4 equiv NaH
4 equiv MOMCl
DMF, rt, 7 d
OMOM
OMOM
O
OMOM
O
OMOM
35%
LiAlH4
THF, 50 min, rt
95%
OMOM
OMOM
OH
OH
IBX
EtOAc, reflux
5 h
92%
OMOM
OMOM
O
O
HCl (conc.)
THF, rt, 2 h
100%
OH
OH
O
O
a) 2 equiv
1:1 MeOH:CH2Cl2
b) VOSO4•xH2O
H2N
t-Bu
O
OH
N O
OVO
O
t-Bu
N O
OVO
O
t-Bu
OH
OH
70%
3.36 3.37 3.38
3.39 3.40
3.41  
The second novel linked-biaryl catalyst scaffold examined was the 8,8’-linked 
naphthol 3.47 (Scheme 3.7).  From 2,6-naphthalenediol (3.42), a mono-
methoxymethylation gave naphthol 3.43, which was coupled with the Sasai catalyst to 
give (S)-biaryl 3.44 in 77% yield and 77% ee. This compound could be triturated with 
ethyl acetate to afford nearly enantiopure material. The resulting enantioenriched diol 
was methylated to give 3.45, which was then formylated using n-BuLi and DMF to yield 
dialdehyde 3.48. A deprotection with concentrated HCl gave the desired aldehyde, with 
an 8,8’-linkage instead of to the normal 1,1’-linkage. Sasai noted that using the (R) 
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catalyst 3.19 gives the (S) coupled product 3.44, so to make the matched amino acid 
catalyst 3.48 the unnatural amino acid (R)-valine was used. Valine was used due to cost, 
though it is inferior to tert-leucine when the normal catalyst is used. The mismatched 
catalyst 3.49 was also synthesized using tert-leucine. 
Scheme 3.7  Synthesis of 8,8'-linked catalyst. 
 
HO OH
NaH
MOMCl
DMF, 0 °C
30 min HO OMOM
30%
7.5 mol%
CH2Cl2, O2
rt, 18 h
MOMO OH
MOMO OH
77% yield
77% ee
triturated with EtOAc 
to 98% ee, 36% yield
K2CO3
MeI
DMF
3 h, rt
100%
MeO OMOM
MeO OMOM
a) n-BuLi
THF, 0 °C - rt
b) DMF
0° C - rt, 2 h
39%
MeO OMOM
MeO OMOM
CHO
CHO
HCl (conc.)
THF, 0 °C - rt
3 h
85%
3.42 3.43
N O
OVO
O
t-Bu
N O
OVO
O
t-Bu
O
3.44
3.45 3.46
MeO OH
MeO OH
CHO
CHO
H2N CO2H
i-Pr
2 equiv
3 Å MS
4 equiv VOSO4•3H2O
MeOH, O2, reflux, 3 h
N O
OVO
O
i-Pr
N O
OVOO
i-Pr
MeO
MeO
OR
OR
3.48
R = Et or H
MeO OH
MeO OH
CHO
CHO
H2N CO2Me
t-Bu
a) 2 equiv
1:1 MeOH:CH2Cl2
reflux, 30 min
b) VO(OEt)3, 2 h,
then concentrate
N O
OVO
O
t-Bu
N O
OVOO
t-Bu
MeO
MeO
OR
OR
3.49
R = Et or H
40%
3.47
3.47
 
Both novel catalysts were tested in the oxidative coupling of 2,3,5-trimethylphenol 
using the standard amino acid catalyst conditions (20 mol% catalyst, 6.25 equiv AcOH, 
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O2, DCE, rt, 4 d). The methylene-linked BINOL catalyst afforded the ortho-ortho 
coupled product in 28% yield and 59% ee (Table 3.6, entry 2). The enantioselection was 
lower than that observed with the H8-BINOL amino acid catalyst 3.4 (entry 1). The 
amino acid catalyst made from the 8,8’-linked scaffold also performed significantly 
worse than the original 1,1’-linked H8-BINOL catalyst. The matched catalyst 
incorporating (R)-valine, 3.48, afforded the coupled phenol in just 39% yield and 14% ee 
(entry 3), while the mismatched catalyst 3.49 using (S)-tert-leucine resulted in higher 
isolated yield but a reversal in the observed stereochemistry (entry 4). No further 
optimization was performed on either of these catalysts. 
Table 3.6  Oxidative coupling results for two novel BINOL-like scaffolds. 
% o-oa % p-pa
100
29
40
NDc
Entry
1
2
3
4
% eeb
76
59
14
–19
     a Conversion determined by 1H NMR analysis. b Enantiomeric 
excess determined by HPLC using a Chiralpak IA column. c Not
determined
Catalyst
3.4
3.41
3.48
3.49
% isol. yield
71
28
39
52
0
3
27
ND
Me
Me
Me OH
Me
Me
Me OH
OH
Me
Me
Me
Me
OH
Me Me
Me
Me
Me
OH
+
3.14
3.15 3.18
20 mol% catalyst
6.25 equiv AcOH
DCE, rt, 4 d, O2
 
 
3.5  Tethered Catalysts and Monomeric Systems 
The novel BINOL-like scaffolds failed to improve the selectivity in the oxidative 
phenol coupling. Given the moderate success of the amino ester catalysts, we envisioned 
a new catalyst system linked through the ester rather than through the biaryl (Figure 3.4). 
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It was hypothesized that this catalyst would act similarly to the biaryl-linked system, 
given that an optimum ester tether length could be identified. A wide number of 
functionalized salicylaldehyde compounds are available, both commercially and through 
simple synthesis, rendering this new scaffold highly tunable. The ester-linked scaffold 
would also eliminate the inherent inefficiency in synthesizing chiral phenols with a chiral 
phenol ligand. 
OH
OH
N
N
OMe
OMe
O
O
t-Bu
t-Bu
OH
OH
N
N
O
O
O
O
t-Bu
t-Bu
n
Current System Ester-Linked System  
Figure 3.4  Reasoning for proposed ester-linked catalysts. 
To this end, undergraduate Gina Kim synthesized a series of diol-linked tert-leucine 
amino esters (Scheme 3.8). These amino esters were condensed with a series of 
aldehydes and ketones to create a combinatorial library of linked ester catalysts. These 
linked catalysts, as well as their monomeric methyl ester counterparts, were utilized in 
the vanadium-catalyzed coupling of 2,3,5-trimethylphenol.  
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Scheme 3.8  Synthesis of a library of ester-linked catalysts by undergraduate Gina Kim. 
OH
O
O
O
HO
MeMe
OH
Ot-Bu
t-Bu
OHHO
H H
Aldehydes/Ketones
Linkers
HO OH
n = 4, 6, 10 cis-4
BocHN
t-Bu
O
OH
2 equiv EDCl
cat. DMAP
CH2Cl2
55 °C, 16 h
2.0 equiv 1.0 equiv
O O
O O
NHBocBocHN
t-Bu t-Bu
n
O O
O O
NH3H3N
t-Bu t-Bu
n
O O
O O
NN
t-Bu t-Bu
R1 R1n
4N HCl
in dioxane
dioxane, rt, 4 hn
Cl– Cl– O
R1 R2
NEt3
EtOH, PhH
reflux, overnight
R2 R2
HO OH
n
OH
O
H
3.50 3.51
3.52 3.53
3.54 3.55 3.56 3.57
3.58 3.59
 
 
 
Of the four aldehydes and ketones screened, only the catalysts derived from 3,5-di-
tert-butylsalicylaldehyde (3.55) saw both appreciable conversion and selectivity. The 
length of the tether has no apparent effect on either the conversion to the product or the 
enantioselectivity (Table 3.7, entries 3-6), which suggests two possibilities: a) the amino 
ester-catalyzed reaction is not actually binuclear in vanadium, or b) the chiral tethers do 
not permit a sufficiently close approach to effect a binuclear transformation. If this 
reaction was binuclear, it would stand to reason that one optimum tether length would 
give the highest level of conversion and/or enantioselectivity. Unfortunately, even the 
inclusion of a cis double bond in the linking diol did not improve reactivity or selectivity 
(Table 3.7, entries 5 and 8). In fact, the alkyl tether served only to decrease the 
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conversion to product, which is similar to the trend observed in the BINOL-linked amino 
ester catalysts (cf., Table 3.3). 
Table 3.7  Performance of ester-linked catalysts derived from (S)-tert-leucine. 
RR
OH
N
OH
N
N
OHO
MeMe
OH
Nt-Bu
t-Bu
3.53a
3.53c
3.53b
% o-oa % p-pa
10
0
6
3
4
6
9
5
34
trace
40
24d
24
31
26
58
Entry
1
2
3
4
5
6
7
8
% eeb
0
0
66
67
66
67
15
15
n
6
6
monomerc
4
cis-4
6
4
cis-4
     a Conversion determined by 1H NMR analysis. 
b Enantiomeric excess determined by HPLC
using a Chiralpak IA column. c 40 mol% ligand
and VO(OEt)3 used. d Run for 3 d.
Ligand
3.53a
3.53b
3.53c
3.53c
3.53c
3.53c
3.53d
3.53d
3.53d
3.53
Me
Me
Me OH
20 mol% ligand
40 mol% VO source
O2 (1 atm), 4 Å MS
toluene, rt
Me
Me
Me OH
OH
Me
Me
Me
Me
OH
Me Me
Me
Me
Me
OH
+
3.14
3.15 3.18
O O
O O
NN
t-Bu t-Bu
HOOH
n
 
 
The success of the catalysts derived from 3,5-di-tert-butylsalicylaldehyde, 3.53c, 
suggests that the key to enantioselection is a sterically bulky ortho-substituent relative to 
the phenol on the catalyst. Notably, the 3,5-di-tert-butylsalicylaldehyde-tert-leucine 
methyl ester provided only slightly lower enantioselection (66% ee) than the H8-BINOL 
methyl ester catalyst (77% ee). To test the hypothesis that a bulky ortho-group can 
increase the selectivity, catalysts 3.61 and 3.62 were synthesized from triethylsilane-
substituted aldehyde 3.60 (Scheme 3.9).35 The TES-substituted amino methyl ester 
catalyst provided the coupled phenol in 75% ee, albeit with slightly lower conversion 
than that seen with the H8-BINOL catalyst. Similarly, the enantioselection observed with 
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the amino acid-derived catalyst is comparable to that seen with the H8-BINOL amino 
acid catalyst. Young Lee, a second year graduate student, is currently examining 
improvements of this catalyst system.  
Scheme 3.9  Synthesis of, and coupling results for, the TES-substituted monomeric 
catalysts. 
OH
Si(Et)3
t-Bu N OMe
O
t-Bu
O
Si(Et)3
t-Bu N O
O
t-Bu
V
O OEt
40 mol% catalyst
40 mol% VO(OEt)3
tol, 4 d, rt, O2
40 mol% catalyst
DCE, 4 d, rt, O2
3.61
3.62
OH
Si(Et)3
t-Bu O
H
1.1 equiv NEt3
EtOH/PhH
H3N
OMe
O
t-Bu
Cl–
95%
Coupling
Conditions
H2N
OMe
O
t-Bu
a)
MeOH/CH2Cl2 1:1
reflux, 1 h
b) VO(OEt)3, 3 h
96%
Results
47% oo
5% pp
75% ee
51% oo
10% pp
68% ee
3.60
 
The BINOL-linkage in the binuclear vanadium catalysts clearly serves an ambiguous 
role. It might, as Sasai and Gong have hypothesized, bring two naphthol radicals in close 
proximity to effect the coupling reaction. However, the other half of the catalyst might 
merely act as a source of steric hindrance. This function can clearly be mimicked with a 
similarly large group such as triethylsilane. In fact, Young Eun Lee has recently seen 
dramatic improvements in catalyst activity using the electron-poor amino acid catalyst 
3.63 (Scheme 3.10). The improved reactivity has allowed shorter reaction times. 
Unfortunately, the substrate scope is still limited to phenols with a methyl group in the 
ortho-position. Notably, substrate 3.65 is a precursor to chaetoglobin A (3.8, Figure 3.2), 
the synthesis of which is currently underway by Carilyn Torruellas. 
   115 
  
11
5 
Scheme 3.10  Substrate scope using the mononuclear electron-poor ligand developed by 
Young Eun Lee. 
N
O
OVO O
t-Bu
ROt-Bu
O2N
Me
OHMe
OH
Me
OH
n-Hex
OH
OH
R
R
OH
R
40 mol% 3.63
Additive
O2, PhH or PhMe
0 °C, 24 h
OH
Me
Me
Me
OHMe
Me
Me
OH
Me
OH
Me
OHMe
OH
Me
3.15 3.24
conv. (%)a
ee (%)b
100 (89)c,d
85
100 (73)e
85
100 (80)e
82
67d
89
100d
60
a By 1H NMR; b By CSP-HPLC; c Isolated yield given in parentheses; d Additive = 6.25 equiv AcOH; e Additive = 0.4 equiv LiCl
3.63
OH
Me
HO
n-Hex
OMe
Me
OHMe
OMe
Me
OHMe
Me
OHMe
3.64 3.653.21
 
 
Conclusions 
Significant advances have been made toward the aerobic oxidative coupling of 
phenols. The batch dependency of the amino acid catalysts has been eliminated through 
the implementation of a new preparative method based on the synthesis of the amino 
ester Schiff bases. The amino ester ligands, also developed to avoid inconsistencies in 
catalyst preparation, have allowed the expansion of the substrate scope. Deficiencies in 
the method were also identified, including the requirement of an ortho-methyl group on 
the phenol substrate. 
Three novel scaffolds were identified to replace the 1,1’-biaryl of the BINOL catalyst 
backbone. The methylene-bridged and 8,8’-linked scaffolds failed to improve the catalyst 
reactivity and selectivity. However, the development of ester-linked tethered catalyst led 
to the identification of 3,5-di-tert-butylsalicylaldehyde as a superior mononuclear catalyst 
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for the oxidative coupling reaction. Investigation of steric and electronic effects by 
Young Eun Lee has led to a more reactive catalyst that improves selectivity for all 
substrates, including an important precursor in the synthesis of chaetoglobin A (3.8, 
Figure 3.2). 
 
Experimental Section 
General Considerations 
All reactions were conducted under an atmosphere of dry N2 or Ar unless otherwise 
noted. Solvents were distilled prior to use. Dichloromethane and dichloroethane were 
distilled from CaH2. Toluene and benzene were distilled from metallic sodium. Methanol, 
ethanol, and DMF were distilled from MgSO4. THF was distilled from 
sodium/benzophenone. Oxovanadium triethoxide was distilled prior to use and stored 
under argon; otherwise, reagents purchased from Aldrich, Acros, or Fisher were used as 
received. Reactions were monitored by thin layer chromatography using Silicycle glass-
backed TLC plates with 250 /m silica and F254 indicator; visualization of reaction 
progress was achieved with UV light and/or cerium ammonium molybdate (CAM) 
staining. Flash column chromatography was performed using Silicycle SiliaFlash P60 
silica gel (40-63 /m particle size). 
NMR spectra were recorded on 300, 360, and 500 MHz spectrometers. 1H NMR  and 
13C chemical shifts are reported with respect to CDCl3 residual solvent peak (7.26 ppm 
and 77.23 ppm, respectively). Melting points are uncorrected. IR spectroscopy performed 
with a Perkin-Elmer Spectrum 100 FT-IR Spectrometer. Enantiomeric excesses were 
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determined using CSP-HPLC on an Agilent 1100 Series HPLC with UV detection at 254 
nm and Chiralpak AD, AS, and IA columns from Diacel (flow rate = 1 mL/min), or with 
CSP-SFC on a JASCO SF-2000 SFC with a Chiralcel OJ-H column from Diacel (4 
mL/min, 12 MPa). Optical rotations were measured using a Jasco polarimeter with a 
sodium lamp. 
 
General procedures for phenol coupling 
Racemic Coupling Method A: VO(acac)232 
3,5-Dimethylphenol (500 mg, 4.09 mmol) and VO(acac)2 (542 mg, 2.04 mmol) were 
dissolved in CH2Cl2 (35 mL) under oxygen atmosphere at 25 °C. The resulting deep 
green solution was stirred for 4 d. The solution was concentrated and purified by column 
chromatography (5% ethyl acetate in hexanes) to yield racemic 4,4',6,6'-
tetramethylbiphenyl-2,2'-diol (3.22) as a yellow solid (55 mg, 11%). The spectroscopic 
data matched those reported.13a,36 
 
Racemic Coupling Method B: (t-BuO)213d 
tert-Butyl peroxide (0.15 mL, 0.82 mmol) was added to 10 equiv 2,5-dimethylphenol (1 
g, 8.186 mmol) under nitrogen. The mixture was heated to 140 °C and stirred for 24 h. 
The resulting viscous oil was purified by column chromatography (5% ethyl acetate in 
hexanes) to yield 3.21 as a white solid (18 mg, 9%). 1H NMR (500 MHz, CDCl3) $ 1.96 
(s, 6H), 2.26 (s, 6H), 4.72 (s, 2H), 6.83 (d, J = 7.6, 2H), 7.11 (d, J = 7.6, 2H). The 
spectroscopic data matched those reported. 37 
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Phenol Coupling with Chiral Amino Acid Catalysts 
To a microwave vial was added 2,3,5-dimethylphenol (3.14) (9.8 mg, 0.072 mmol), 
oxovanadium catalyst 3.4 (10.4 mg, 0.014 mmol), and acetic acid (26 µL, 0.45 mmol). 
The vial was sealed and dichloroethane (0.144 mL) was added. Oxygen was added via 
active purge. The deep blue reaction was stirred for 4 d at 25 °C, then concentrated in 
vacuo. A small sample was removed for NMR analysis. This material was recombined, 
and the total purified by flash column chromatography (1–5% ethyl acetate in hexanes) to 
yield 3.15 as a white solid (8 mg, 82%).  
 
OH
Me
Me
Me
OHMe
Me
Me
3.15  
(S)-3,3',4,4',6,6'-Hexamethyl-[1,1'-biphenyl]-2,2'-diol (3.15) 
Racemic coupling performed according to General Racemic Method A using 2 g (14.7 
mmol) 2,3,5-trimethylphenol and 389.9 mg (1.47 mg, 0.1 equiv) VO(acac)2. Phenol 3.15 
was isolated as a white solid (0.99 g, 50%). 1H NMR (300 MHz, CDCl3): $ 1.93 (s, 6 H), 
2.17 (s, 6H), 2.29 (s, 6 H), 4.74 (s, 2H), 6.74 (s, 2H). Spectral data matched that reported 
in the literature.13d 
Enantiomeric excess was determined with Chiral HPLC: Chiralpak IA column (1% i-
PrOH/hexanes, 1 mL/min) tr(R) = 4.91 min; tr(S) = 5.82. Absolute configuration assigned 
via X-Ray crystal structure. 
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OHMe
OHMe
Me
Me
Me
Me
3.20  
4,4',5,5',6,6'-Hexamethyl-[1,1'-biphenyl]-2,2'-diol (3.20) 
Racemic coupling performed according to General Racemic Method A using 500 mg 
(3.67 mmol) 3,4,5-trimethylphenol and 194 mg (0.73 mmol, 0.2 equiv) VO(acac2). 
Biphenol 3.20 was isolated as a white solid (400 mg, 80%). 1H NMR (300 MHz, CDCl3): 
1H NMR (500 MHz, CDCl3) $ 1.92 (s, 6H), 2.16 (s, 6H), 2.31 (s, 6H), 4.46 (s, 2H), 6.75 
(s, 2H). Spectral data matched that reported in the literature.31 
Enantiomeric excess was determined with Chiral HPLC: Chiralpak AS column (1% i-
PrOH/hexanes, 1 mL/min) tr(R) = 15.5 min; tr(S) = 19.0 min; absolute configuration 
assigned via comparison to 3.15.  
 
OHMe
OHMe
Me
Me
3.21  
3,3',6,6'-Tetramethyl-[1,1'-biphenyl]-2,2'-diol (3.21) 
Racemic coupling performed according to General Racemic Method B using 1 g (8.186 
mmol) 2,5-dimethylphenol and 0.150 mL (0.819 mmol) tert-butylperoxide to yield 3.21 
as a white solid (18 mg, 9%). 1H NMR (500 MHz, CDCl3) $ 1.96 (s, 6H), 2.26 (s, 6H), 
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4.72 (s, 2H), 6.83 (d, J = 7.6, 2H), 7.11 (d, J = 7.6, 2H). Spectral data matched that 
reported in the literature.37 
Enantiomeric excess was determined with Chiral HPLC: Chiralpak AD column (1% i-
PrOH/hexanes, 1 mL/min) tr(R) = 6.3 min; tr(S) = 7.0 min; absolute configuration 
assigned via comparison to 3.15.  
 
OHMe
OHMe
Me
Me
3.22  
4,4',6,6'-Tetramethyl-[1,1'-biphenyl]-2,2'-diol (3.22) 
Racemic coupling performed according to General Racemic Method A using 500 mg 
(4.09 mmol) 3,5-diimethylphenol and 542 mg (2.04 mmol, 0.5 equiv) VO(acac2). 
Biphenol 3.22 was isolated as a white solid (55 mg, 11%). 1H NMR (500 MHz, CDCl3) $ 
1.97 (s, 6H), 2.33 (s, 6H), 4.63 (s, 2H), 6.72 (s, 2H), 6.75 (s, 2H). Spectral data matched 
that reported in the literature.13a,36 
Enantiomeric excess was determined with Chiral HPLC: Chiralpak AS column (25% i-
PrOH/hexanes, 1 mL/min) tr(R) = 9.9 min; tr(S) = 11.9 min; absolute configuration 
assigned via comparison to 3.15.  
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OHMe
OHMe
Me
Me t-Bu
t-Bu
3.23  
3,3'-Di-tert-butyl-5,5',6,6'-tetramethyl-[1,1'-biphenyl]-2,2'-diol (3.23) 
Racemic coupling performed according to General Racemic Method A using 500 mg (2.8 
mmol) 2-tert-butyl-4,5-dimethylphenol and 74 mg (0.28 mmol, 0.1 equiv) VO(acac)2 to 
yield 3.23 as a white solid (302 mg, 61% yield). 1H NMR (500 MHz, CDCl3) $ 1.40 (s, 
18H), 1.82 (s, 6H), 2.26 (s, 6H), 4.80 (s, 2H), 7.13 (s, 2H). Spectral data matched that 
reported in the literature.29a 
Enantiomeric excess was determined using CSP-SFC: Chiralcel OJ-H column (10% 
MeOH, 4 mL/min) tr(1) = 1.09 min; tr(2) = 1.50 min. 
 
OH
Me
OH
Me
OHMe
OH
Me
3.24  
 (3,3',6,6'-Tetramethylbiphenyl-2,2',4,4'-tetraol) (3.24) 
Racemic coupling performed according to General Racemic Method A using 2,5-
dimethylresorcinol (100 mg, 0.72 mmol) and VO(acac) 2 (38 mg, 0.14 mmol, 0.2 equiv) 
to yield 3.24 as a tan oil (27 mg, 27% yield). 
! 
["]D25  –52.39 (c 0.04, 70% ee, CH2Cl2) 1H 
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NMR (500 MHz, CDCl3) $ 1.90 (s, 6 H), 2.14 (s, 6 H), 4.87 (s, 2H), 5.06 (s, 2H), 6.41 (s, 
2H); 13C NMR (125 MHz, CDCl3) $ 8.5, 19.5, 108.1, 109.4, 111.7, 137.0, 153.5, 155.2; 
IR (film) 3459, 2925, 1592, 1326, 1078 cm-1 HRMS (ESI) m/z 273.1139 [M–H]– (calcd 
for C16H17O4, 273.1127).  
Enantiomeric excess was determined with Chiral HPLC: Chiralpak AS column (15% i-
PrOH/hexanes, 1 mL/min) tr(R) = 10.8 min; tr(S) = 14.4 min; absolute configuration 
assigned via comparison to 3.15.  
 
Representative Phenol Coupling with Amino Ester Catalysts 
To a suspension of ligand 3.28 (15 mg, 0.025 mmol) and 4 Å molecular sieves (8 mg) in 
toluene (0.100 mL) in an oven-dried septum-sealed microwave vial with stirbar under Ar 
is added VO(OEt)3 (0.009 mL, 0.05 mmol) and the resulting tan solution is stirred for 30 
min. A solution of phenol 3.14 (17.0 mg, 0.125 mmol) is prepared in toluene (0.15 mL) 
and added to the reaction. The septum is removed and replaced with a crimped cap. The 
vial is partially evacuated and charged with oxygen three times, then sealed with Teflon 
tape and parafilm and allowed to stir 4 d at rt. A sample of this reaction is transferred to 
an NMR tube for conversion measurement; the NMR sample is recombined and the 
mixture is purified by flash column chromatograpy (1–5% EtOAc/Hexanes).  
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OH
OH
N
N
OH
OH
O
O
t-Bu
t-Bu3.27  
(2S,2'S)-2,2'-((1E,1'E)-((2,2'-Dihydroxy-5,5',6,6',7,7',8,8'-octahydro-(R)-[1,1'-
binaphthalene]-3,3'-diyl)bis(methanylylidene))bis(azanylylidene))bis(3,3-
dimethylbutanoic acid) (3.27) 
To a mixture of dialdehyde 3.25 (100 mg, 0.286 mmol) and (S)-tert-leucine (3.26, 74.9 
mg, 0.571 mmol) under Ar was added CH2Cl2 (5 mL) and MeOH (5 mL). The resulting 
suspension was heated to reflux for 3 hours; dissolution was observed over this time 
period. Upon complete consumption of dialdehyde and tert-leucine by TLC, the reaction 
mixture was concentrated to yield a yellow solid (165 mg, 100%). This solid was used 
without further purification in the catalyst synthesis. mp 167–169 °C; IR (film) 2933, 
2864, 1713, 1626, 1449, 1214 cm-1; 1H NMR and 13C NMR not interpretable due to 
equilibrium between open and cyclized (oxazolidin-5-one) isomers. 
 
Procedures for catalyst preparation screen (Scheme 3.4) 
Catalyst Preparation Screen Method A 
To a solution of 3.27 (60 mg, 0.104 mmol) in THF (1 mL) was added NaOAc (40.9 mg, 
0.124 mmol, 4.8 equiv), VOSO4 (49.6 mg, 0.228 mmol, 2.2 equiv), EtOH (1 mL), and  
H2O (0.200 mL). The resultant tan solution was stirred open to air at ambient temperature 
for 2 h. The reaction mixture was extracted with CH2Cl2 (3 x 20 mL) and washed with 
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water (2 x 20 mL) and brine (20 mL), dried over Na2SO4, and concentrated via 
evaporation on the bench overnight.  
 
Catalyst Preparation Screen Method B 
To a mixture of 3.27 (15 mg, 0.026 mmol) and 2.0 equiv VOSO4 (11.3 mg, 0.052 mmol) 
was added of a 1:1 mixture of CH2Cl2 and MeOH (500 mL). The resultant tan solution 
was stirred at ambient temperature, open to air, for 4 h. CH2Cl2 (5 mL) was added, and 
the solution was washed with H2O (2 x 5 mL). The tan solution turned darker green with 
successive H2O washes. The solution is washed last with brine (5 mL) and concentrated 
via evaporation on the bench overnight. 
 
Catalyst Preparation Screen Method C 
To a mixture of 3.27 (12.6 mg, 0.021 mmol) and 2.0 equiv VOSO4 (9.5 mg, 0.042 mmol) 
was added of a 1:1 mixture of CH2Cl2 and MeOH (500 mL). The resultant tan solution 
was stirred at ambient temperature, open to air, for 4 h. The solvent was removed under 
vacuum, and the catalyst was used without further purification. 
 
Catalyst Preparation Screen Method D 
Ligand 3.27 (15 mg, 0.026 mmol) was added to a flame-dried microwave vial and placed 
under Ar. Solvent (1:1 CH2Cl2:MeOH, 0.500 mL) was added, followed by VO(OEt)3 
(7.50 µL, 0.042 mmol). The dark solution was stirred for 2 h at ambient temperature. 
CH2Cl2 (5 mL) was added, and the solution was washed with H2O (2 x 5 mL). The 
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solution is washed with brine (5 mL) and concentrated via evaporation overnight. The 
catalyst was used without further purification. 
 
Catalyst Preparation Screen Method E 
Ligand 3.27 (15 mg, 0.026 mmol) was added to a flame-dried microwave vial and placed 
under Ar. Solvent (1:1 CH2Cl2:MeOH, 0.500 mL) was added, followed by VO(OEt)3 
(7.50µL, 0.042 mmol). The dark solution was stirred for 2 h at ambient temperature and 
the solvent was removed under vacuum. The catalyst was used without isolation and 
further purification. 
 
General Phenol Coupling Methods (see Scheme 3.4) 
Phenol Coupling Screen Method A 
To a microwave vial containing catalyst 3.4 (15.5 mg, 0.021 mmol) was added 2,3,5-
trimethylphenol (14.6 mg, 0.107 mmol) and acetic acid (38.4 µL, 0.671 mmol). The 
vessel was evacuated and charged with O2 three times, and DCE (0.215 mL) was added. 
The vial was sealed with a crimp cap and stirred at ambient temperature for 2 d. Silica 
was added and the mixture was concentrated and purified via flash column 
chromatography (2% EtOAc in hexanes) to give biphenol 3.15 as a white solid (8.1 mg, 
53% yield). 
 
General Phenol Coupling Screen Method B 
To a microwave vial containing catalyst 3.4 (12.9 mg, 0.018 mmol) was added 2,3,5-
trimethylphenol (12.1 mg, 0.089 mmol). The vessel was evacuated and charged with O2 
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three times, and DCE (0.180 mL) was added. The vial was sealed with a crimp cap and 
stirred at ambient temperature for 2 d. Silica was added and the mixture was concentrated 
and purified via flash column chromatography (2% EtOAc in hexanes) to give biphenol 
3.15 as a white solid (2.8 mg, 22% yield). 
 
General Phenol Coupling Screen Method C 
To a microwave vial containing catalyst 3.4 (17.1 mg, 0.024 mmol) was added 2,3,5-
trimethylphenol (16.1 mg, 0.118 mmol). The vessel was evacuated and charged with O2 
three times, and 0.240 mL toluene is added. The vial was sealed with a crimp cap and 
stirred at ambient temperature for 2 d. Silica was added and the mixture was concentrated 
and purified via flash column chromatography (2% EtOAc in hexanes) to give biphenol 
3.15 as a white solid (5.4 mg, 32% yield). 
 
General Phenol Coupling Screen Method D 
To a microwave vial containing catalyst 3.4 (14.5 mg, 0.020 mmol) was added 2,3,5-
trimethylphenol (13.7 mg, 0.100 mmol) and MgSO4 (8 mg). The vessel was evacuated 
and charged with O2 three times and toluene (0.200 mL) is added. The vial was sealed 
with a crimp cap and stirred at ambient temperature for 2 days. Silica was added and the 
reaction was concentrated and purified via flash column chromatography (2% EtOAc in 
hexanes) to give biphenol 3.15 as a white solid (5.5 mg, 38% yield). 
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t-Bu
O
O
3.28  
(2S,2'S)-Dimethyl 2,2'-((1E,1'E)-((2,2'-dihydroxy-5,5',6,6',7,7',8,8'-octahydro-(R)-
[1,1'-binaphthalene]-3,3'diyl)bis(methanylylidene))bis(azanylylidene))-bis(3,3-
dimethylbutanoate) (3.28) 
To a solution of (S)-tert-leucine methyl ester hydrochloride (103.8 mg. 0.57 mmol) in 
EtOH (6 mL) was added NEt3 (0.087 mL, 0.629 mmol) and the solution was stirred for 
10 min. Dialdehyde 3.25 (100 mg, 0.286 mmol) was added as a solution in benzene (6 
mL). The resulting yellow solution was heated at reflux for 3 h, then concentrated to give 
an orange solid. The solid was suspended in Et2O and filtered to remove NEt3·HCl; the 
filtrate was concentrated to give 3.28 as an orange solid (172 mg, 99%). mp 196–198 °C; 
1H NMR (300 MHz, CDCl3): $ 1.00 (s, 18H), 1.65-1.82 (m, 8H), 2.25 (m, 2H), 2.52 (m, 
2H), 2.78 (m, 4H), 3.64 (s, 2H), 3.66 (s, 6H), 7.03 (s, 2H), 8.24 (s, 2H), 12.81 (s, 2H); 13C 
NMR (125 MHz, CDCl3): $ 23.10, 23.12, 26.9, 27.6, 29.4, 35.0, 51.8, 82.1, 116.7, 124.1, 
127.8, 131.8, 141.7, 155.9, 166.4, 171.1; IR (ReactIR, CH2Cl2 solution, cm-1): 1035, 
1097, 1213, 1576, 1630, 1738, 2866, 2935; HRMS (ESI) m/z 605.3590 [M+H]+ (calcd for 
C36H49O6, 605.3590). 
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t-Bu
t-Bu
3.31  
3,3'-Bis((E)-(((S)-1-hydroxy-3,3-dimethylbutan-2-yl)imino)methyl)-5,5',6,6',7,7',8,8'-
octahydro-(R)-[1,1'-binaphthalene]-2,2'-diol (3.31) 
A solution of dialdehyde 3.25 (95.5 mg, 0.285 mmol) and tert-leucinol (64 mg, 0.571 
mmol) in 1:1 EtOH:benzene (10 mL) was heated at reflux for 16 h. The reaction mixture 
was concentrated via rotary evaporation to yield a yellow solid (156 mg, 100% yield). mp 
>250 °C; 1H NMR (300 MHz, CDCl3): $ 0.93 (s, 18H), 1.29 (dd, J = 9 Hz, 3 Hz, 2H), 
1.76 (m, 10H), 2.21 (dt, J = 17 Hz, 6 Hz, 2H), 2.49 (dt, J = 17 Hz, 6 Hz, 2H), 2.79 (m, 
2H), 2.90 (dd, J = 9 Hz, 2 Hz, 2H) 3.63 (m, 2H), 3.85 (m, 2H), 7.06 (s, 2H), 8.32 (s, 2H), 
13.03 (s, 2H); 13C NMR (125 MHz, CDCl3): $ 23.2, 23.2, 27.3, 27.7, 29.5, 33.4, 62.7, 
81.8, 116.8, 124.2, 128.0, 131.7, 141.4, 156.0, 166.3; IR (film) 3368, 2935, 2861, 1627, 
1574, 1100 cm-1; HRMS (ESI) m/z 547.3546 [M–H]– (calcd for C34H47N2O4, 547.3536).  
 
OH
OH
N
Oi-Pr
N
Oi-Pr
O
O
t-Bu
t-Bu3.32  
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(2S,2'S)-Diisopropyl 2,2'-((((R)-2,2'-dihydroxy-5,5',6,6',7,7',8,8'-octahydro-[1,1'-
binaphthalene]-3,3'-diyl)bis(methanylylidene))bis(azanylylidene))bis(3,3-
dimethylbutanoate) (3.32) 
Prepared in the same manner as 3.28 using 3.25 (15 mg, 0.043 mmol), (S)-tert-leucine 
iso-propyl ester hydrochloride (18 mg, 0.086 mmol), and NEt3 (0.014 mL. 0.099 mmol) 
to give 3.32 as a tan-yellow oil (28 mg, 100% yield). 1H NMR (500 MHz, CDCl3) $ 1.00 
(s, 18H), 1.18 (d, J = 6 Hz, 6H), 1.21 (d, J = 6.5 Hz, 6H), 1.64-1.79 (m, 8H), 2.20 (m, 
2H), 2.50 (m, 2H), 2.78 (m, 4H), 3.60 (s, 2H), 5.01 (m, 2H), 7.04 (s, 2H), 8.26 (s, 2H), 
12.78 (s, 2H); 13C (125 MHz, CDCl3): $ 21.86, 21.99, 23.12, 23.15, 26.95, 27.56, 29.37, 
35.10, 68.40, 82.17, 100.11, 124.09, 127.69, 131.88, 141.52, 155.97, 166.16, 170.10; IR 
(film) 2934, 1726, 1626, 1208, 1107 cm-1; HRMS (ESI) m/z 661.4216 [M+H]+ (calcd for 
C40H57N2O6, 661.4217).  
 
OH
OH
N
Ot-Bu
N
Ot-Bu
O
O
t-Bu
t-Bu3.33  
(2S,2'S)-Di-tert-butyl 2,2'-((((R)-2,2'-dihydroxy-5,5',6,6',7,7',8,8'-octahydro-[1,1'-
binaphthalene]-3,3'-diyl)bis(methanylylidene))bis(azanylylidene))bis(3,3-
dimethylbutanoate) (3.33) 
Prepared in the same manner as 3.28 using 3.25 (60.5 mg, 0.173 mmol), (S)-tert-leucine 
tert-butyl ester hydrochloride (77.4 mg, 0.346 mmol), and NEt3 (0.053 mL, 0.380 mmol) 
to give 3.33 as a yellow solid (110 mg, 92% yield). mp 103–105 °C; 1H NMR (500 MHz, 
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CDCl3) $ 1.00 (s, 18H), 1.41 (s, 18H), 1.64-1.80 (m, 8H), 2.20 (m, 2H), 2.50 (m, 2H), 
2.78 (m, 4H), 3.52 (s, 2H), 7.03 (s, 2H), 8.26 (s, 2H), 12.80 (s, 2H); 13C (125 MHz, 
CDCl3): $ 23.21, 23.24, 27.07, 27.64, 28.30, 29.46, 34.97, 81.55, 82.90, 116.90, 124.18, 
127.68, 131.91, 141.46, 156.11, 165.99, 169.89; IR (film) 2932, 1723, 1626, 1368, 1143 
cm-1; HRMS (ESI) m/z 689.4534 [M+H]+ (calcd for C42H61N2O6, 689.4530).  
 
OH
OH
N O
N O
t-Bu
t-Bu
HN
HN
n-Pr
n-Pr
3.34  
(2S,2'S)-2,2'-((((R)-2,2'-Dihydroxy-5,5',6,6',7,7',8,8'-octahydro-[1,1'-
binaphthalene]-3,3'-diyl)bis(methanylylidene))bis(azanylylidene))bis(3,3-
dimethyl-N-propylbutanamide) (3.34) 
Prepared in the same manner as 3.28 using 3.25 (14.5 mg, 0.042 mmol), (S)-tert-leucine 
n-propylamide hydrochloride (17.3 mg, 0.083 mmol), and NEt3 (0.013 mL, 0.091 mmol) 
to give 3.34 as a green-yellow solid (24.1 mg, 87% yield). 1H NMR (300 MHz, CDCl3) $ 
0.83 (t, J = 7.5 Hz, 6H), 1.00 (s, 18H), 1.42 (m, 4H), 1.67-1.82 (m, 8H), 2.23 (m, 2H), 
2.51 (m, 2H), 2.81 (m, 4H), 3.01 (m, 2H), 3.27 (m, 2H), 3.53 (s, 2H), 5.93 (t, J = 5.7 Hz, 
2H), 7.10 (s, 2H), 8.25 (s, 2H), 12.44 (s, 2H).  
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t-Bu
t-Bu3.35  
(R)-3,3'-Bis((((S)-1-methoxy-3,3-dimethylbutan-2-yl)imino)methyl)-5,5',6,6',7,7',8,8'-
octahydro-[1,1'-binaphthalene]-2,2'-diol (3.35) 
Prepared in the same manner as 3.28 using 3.25 (19.5 mg, 0.056 mmol), (S)-tert-leucinol 
methyl ether hydrochloride (18.7 mg, 0.112 mmol), and NEt3 (0.017 mL, 0.123 mmol) to 
give 3.35 as a yellow solid (28.4 mg, 90% yield). mp 95–97 °C; 1H NMR (300 MHz, 
CDCl3) $ 0.93 (s, 18H), 1.62-1.81 (m, 10H), 2.19 (m, 2H), 2.51 (m, 2H), 2.78 (m, 4H), 
2.92 (dd J = 9 Hz, 2.4 Hz, 2H), 3.24 (s, 6H), 3.67 (dd, J = 9 Hz, 2.4 Hz, 2H), 7.03 (2, 
2H), 8.24 (s, 2H), 13.22 (s, 2H). 13C NMR (125 MHz, CDCl3) $ 23.19, 23.22, 27.2, 27.5, 
29.4, 33.3 59.1, 73.0, 79.1, 117.0, 124.0, 127.5, 131.5, 140.8, 155.9, 165.2; IR (film) 
2929, 1628, 1471, 1117 cm-1; HRMS (ESI) m/z 577.4003 [M+H]+ (calcd for C36H53N2O4, 
577.4005). 
 
MeO OMOM
MeO OMOM
3.45  
(S)-2,2'-Dimethoxy-7,7'-bis(methoxymethoxy)-1,1'-binaphthalene (3.45) 
To a suspension of diol 3.445 (1.3884 g, 3.42 mmol) and K2CO3 (1.417 g, 10.25 equiv) in 
DMF (20 mL) was added MeI (0.636 mL, 10.25 mmol). After 3 h at ambient 
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temperature, the reaction was quenched with the addition of 10% NaCl in 1 M HCl and 
extracted with tert-butylmethylether (3 x 33 mL). Flash column chromatography (20% 
EtOAc in hexanes) gave 3.45 as a wax (1.436 g, 100% yield). 
! 
["]D25  +44.4 (c 0.075, 99% 
ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 3.32 (s, 6H), 3.77 (s, 6H), 4.95 (d, J = 6.4 Hz, 
2H), 5.00 (d, J = 6.4 Hz, 2H), 6.66 (d, J = 2.4 Hz), 7.11 (dd, J = 8.9 Hz, 2.5 Hz, 2H), 7.33 
(d, J = 9.0 Hz, 2H), 7.79 (d, J = 8.9 Hz, 2H), 7.90 (d, J = 9.0 Hz, 2H); 13C NMR (125 
MHz, CDCl3) ! 56.1, 56.9, 94.7, 108.9, 112.4, 116.2, 118.7, 125.7, 129.4, 129.7, 129.7, 
135.3, 155.7; IR (film) 2935, 1623, 1509, 1258, 1150, 1003 cm-1; HRMS (ESI) m/z 
435.1810 [M+H]+ (calcd for C26H27O6, 435.1808). 
 
 
MeO OH
MeO OH
CHO
CHO
3.47  
(S)-7,7'-dihydroxy-2,2'-dimethoxy-[1,1'-binaphthalene]-6,6'-dicarbaldehyde (3.47) 
To a solution of 3.45 (654 mg, 1.56 mmol) in THF (22 mL) at 0 °C was added 2.5 M n-
BuLi (2.18 mL, 5.44 mmol) dropwise. The mixture was warmed to room temperature 
over 45 min, then cooled back to 0 °C and DMF (0.445 mL, 5.76 mmol) was added 
dropwise, and the reaction was allowed to warm to room temperature. After 2 h, saturated 
NH4Cl (10 mL) was added, followed by H2O (10 mL). The reaction mixture is extracted 
with EtOAc (3 x 33 mL), dried (Na2SO4), and purified via chromatography (33% EtOAc 
in hexanes) to yield 3.46 as a yellow foam.  
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To a solution of 3.46 (302 mg, 0.62 mmol) in THF (20 mL) at 0 °C was added 12 M HCl 
(8 mL). After 1 h at 0 °C, the mixture was warmed to ambient temperature for an 
additional 1 h. The reaction mixture was poured over ice, extracted with CH2Cl2 (3 x 33 
mL), washed with saturated NaHCO3 (15 mL), brine (15 mL), dried over MgSO4, and 
concentrated under vacuum to yield 3.47 as a yellow solid (211 mg, 85 % yield). mp 
>250 °C; 
! 
["]D25  +514.03 (c 0.08, 98% ee, CH2Cl2). 1H NMR (500 MHz, d6-DMSO) $ 3.81 
(s, 6H), 6.49 (s, 2H), 7.33 (d, J = 9.0 Hz, 2 H), 8.01 (d, J = 9.0 Hz, 2H), 8.16 (s, 2H), 
10.02 (s, 2H), 10.26 (s, 2H); 13C NMR (125 MHz, d6-DMSO) $ 56.6, 108.9, 112.4, 117.2, 
120.9, 123.7, 132.1, 138.7, 139.4, 156.6, 158.8, 196.3; IR (film) 3200, 1658, 1592, 1246, 
1156 cm-1; HRMS (ESI) m/z 403.1176 [M+H]+ (calcd for C24H19O6, 403.1182).  
 
N O
OVO
O
i-Pr
N O
OVOO
i-Pr
MeO
MeO
OR
OR
3.48
R = Et or H  
8,8’-linked-(R)-valine oxovanadium complex 3.48 
A suspension of 3.47 (25 mg, 0.062 mmol), (R)-valine (14.6 mg, 0.124 mmol), VOSO4 
(53.9 mg, 0.249 mmol), and 3 Å MS (62 mg) in MeOH (2.5 mL) was heated at reflux 
under an O2 atmosphere for 3 h. The dark green reaction mixture was filtered over Celite, 
rinsed with MeOH, and concentrated to a dark tan solid which was dissolved in CH2Cl2 
(10 mL), washed with water (2 x 5 mL) and brine (5 mL), dried over Na2SO4, and 
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concentrated to a dark blue-green solid (18.8 mg, 40% yield). The catalyst was used 
immediately in the phenol coupling reaction. 
 
N O
OVO
O
t-Bu
N O
OVOO
t-Bu
MeO
MeO
OR
OR
3.49
R = Et or H  
8,8’-linked-(S)-tert-leucine oxovanadium complex 3.49 
A solution of 3.47 (15 mg, 0.037 mmol) and (S)-tert-leucine (9.8 mg, 0.075 mmol) in 1:1 
MeOH/CH2Cl2 (1.5 mL) was heated at reflux for 30 min under argon, as the initially 
yellow suspension becomes a deep red transparent solution. The reaction was cooled to 
ambient temperature and VO(OEt)3 (0.013 mL, 0.075 mmol) was added. After 2 h, the 
solvent was removed under vacuum. The catalyst was used immediately in the phenol 
coupling reaction. 
 
OH
Si(Et)3
t-Bu N OMe
O
t-Bu
3.61  
(S,E)-methyl 2-((5-(tert-butyl)-2-hydroxy-3-(triethylsilyl)benzylidene)amino)-3,3-
dimethylbutanoate (3.61) 
Prepared in the same manner as 3.28 using 3.6035 (107 mg, 0.37 mmol), (S)-tert-leucine 
methyl ester hydrochloride (66.4 mg, 0.37 mmol), and NEt3 (0.056 mL, 0.040 mmol) to 
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give 3.61 as a yellow oil (148 mg, 95%). 1H NMR (300 MHz, CDCl3) $ 0.89-1.00 (m, 
15H), 1.05 (s, 9H), 3.69 (s, 1H), 3.74 (s, 3H), 7.24 (d, J = 2.4 Hz, 1H), 7.48 (d, J = 2.4 
Hz, 1H), 8.29 (s, 1H), 12.91 (s, 1H); 13C NMR (75 MHz, CDCl3) $ 3.6, 7.8, 27.0, 31.7, 
34.1, 35.2, 51.9, 81.9, 116.8, 124.3, 129.7, 136.9, 140.6, 164.2, 167.2, 171.3; IR (film) 
2955, 2874, 1743, 1627, 1428, 1264, 1155, 1008 cm-1; HRMS (ESI) m/z 420.2934 
[M+H]+ (calcd for C24H41NO3Si, 420.2934). 
 
O
Si(Et)3
t-Bu N O
O
t-Bu
V
O OEt
3.62  
TES-substituted monomeric oxovanadium catalyst (3.62) 
Prepared in the same manner as 3.49 with 3.60 (53.9 mg, 0.184 mmol), (S)-tert-leucine 
(24.1 mg, 0.184 mmol), and VO(OEt)3 (0.033 mL, 0.184 mmol) to afford 3.62 as a dark 
solid (90 mg, 95%). 
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Appendix A: Tabulated Computational Data 
A.1  NHC-Catalyzed Diels-Alder Data 
A.1.1  Hetero-Diels-Alder Reaction Results 
Table A.1.1  Summary of catalyst screen. 
Catalyst Catalyst Structure % Conversion dr % ee 
L1 
 
NN
NO
Me
Me
Me
Cl-
 
 
100% 
 
99:1 
 
99% (S,S) 
L2 
NN
NO
Me
OMe
Cl-
 
 
100% 
 
94:6 
 
99% (S,S) 
L3 
NN
NO
MeCl-
  
 
100% 
 
94:6 
 
98% (S,S) 
L4 
NN
N
O
Cl
Cl
Cl
BF4-
 
 
95% 
 
99:1 
 
99% (R,R) 
L5 
NN
N
O
Cl
F
Cl
F
Cl
BF4-
 
 
93% 
 
99:1 
 
97% (S,S) 
L6 
NN
NO
F
F
F
F
F
BF4-
 
 
47% 
 
88:12 
 
76% (R,R) 
L7 
NN
NO
CF3
CF3
Cl-
 
 
34% 
 
83:17 
 
89% (R,R) 
L8 
NN
NO
BF4- CF3
 
 
15% 
 
93:7 
 
95% (R,R) 
L9 
NN
NO
BF4-
 
 
50% 
 
90:10 
 
97% (R,R) 
L10 
NN
NO
OMe
Cl-
 
 
75% 
 
93:7 
 
98% (S,S) 
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 Table A.1.2  SFC traces of the product (showing the catalysts used). 
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Figure A.1.1  1H NMR of unpurified reaction mixtures (showing N1-Ar of the NHC 
used). 
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A.1.2  QSAR Parameters 
 
Table A.1.3  QSAR parameters for each substituent on the N1-aryl rings.1 
 
 
Table A.1.4 Experimental log(er) values (see eq 1.2 of main text) and sum of electronic 
parameters for each N1-aryl ring. 
N1-aryl 
log(er) 
expt !m !p !m+!p !* !ind 
L1 2.299 -0.21 -0.51 -0.51 0 -0.12 
L2 2.299 0.05 -0.44 -0.44 3.24 0.23 
L3 1.996 -0.07 -0.17 -0.17 1.96 -0.04 
L4 2.299 1.11 0.69 0.69 9.8 1.41 
L5 1.817 1.79 0.69 1.37 2.45 2.45 
L6 0.865 1.7 0.18 0.86 15.95 2.6 
L7 1.235 0.86 0 0.86 6.69 0.8 
L8 1.996 0.43 0.54 0.54 4.57 0.4 
L9 1.817 0 0 0 2.45 0 
L10 1.591 0.12 -0.27 -0.27 3.73 0.27 
 
Table A.1.5 Steric parameters for each N1-aryl ring. Note that 2[parameter] indicates that 
both ortho-groups are included. 
N1-aryl B1 2B1 B5 2B5 L 2L " 2" Es 2Es 
L1 1.52 3.04 2.04 4.08 2.87 5.74 1.00 2.00 0.00 0.00 
L2 1.52 1.52 2.04 2.04 2.87 4.93 1.00 1.00 0.00 0.00 
L3 1.52 1.52 2.04 2.04 2.87 4.93 1.00 1.00 0.00 0.00 
L4 1.80 3.60 1.80 3.60 3.52 7.04 1.20 2.40 -0.97 -1.94 
L5 1.80 3.60 1.80 3.60 3.52 7.04 1.20 2.40 -0.97 -1.94 
Substituent !m !p B1 B5 L " 
H 0.00 0.00 1.00 1.00 2.06 0.00 
Me -0.07 -0.17 1.52 2.04 2.87 1.00 
Cl 0.37 0.23 1.80 1.80 3.52 1.20 
F 0.34 0.06 1.35 1.35 2.65 0.80 
CF3 0.43 0.54 1.99 2.61 3.30 3.40 
OMe 0.12 -0.27 1.35 3.07 3.98 2.00 
Substituent Es !* !ind wdW r 
H -1.24 0.49 0.00 1.20 
Me 0.00 0.00 -0.04 2.00 
Cl -0.97 2.94 0.47 1.75 
F 0.55 3.19 0.52 1.47 
CF3 -2.40 2.61 0.40 - 
OMe -0.55 1.77 0.27 - 
 150 
  
15
0 
L6 1.35 2.70 1.35 2.70 2.65 5.30 0.80 1.60 0.55 1.10 
L7 1.00 2.00 1.00 2.00 2.06 4.12 0.00 0.00 -1.24 -2.48 
L8 1.00 2.00 1.00 2.00 2.06 4.12 0.00 0.00 -1.24 -2.48 
L9 1.00 2.00 1.00 2.00 2.06 4.12 0.00 0.00 -1.24 -2.48 
L10 1.00 2.00 1.00 2.00 2.06 4.12 0.00 0.00 -1.24 -2.48 
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A.1.3  Statistical Analysis of Equation 1.3 
Table A.1.6  Input and output of linear regression analysis. 
    LINEST Output:   
  
log(er) 
expt øm L^7 L^7 'm b 
log(er) 
calcd 
L1 2.299 -0.210 1603.88519 0.00017728692 -0.692 1.871 2.301 
L2 2.299 0.050 1603.88519 0.000020 0.070 0.056 2.121 
L3 1.996 -0.070 1603.88519 0.942 0.130 #N/A 2.204 
L4 2.299 1.110 6695.740971 56.961 7.000 #N/A 2.290 
L5 1.817 1.790 6695.740971 1.937 0.119 #N/A 1.820 
L6 0.865 1.700 917.743078    0.858 
L7 1.235 0.860 157.4238548    1.304 
L8 1.591 0.430 157.4238548    1.602 
L9 1.817 0.000 157.4238548    1.899 
L10 1.996 0.120 157.4238548    1.816 
 
Coefficient of determination = 0.942 
Standard error ('m) = 0.070 
Standard Error (L^7) = 0.000020 
Standard error [log(er) expt] =0.130 
F statistic = 56.96 
Degrees of freedom = 7 
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Figure A.1.2  Plot of experimental results vs. predictions from linear regression analysis. 
 
Table A.1.7  Cross validation (CV) “Leave-one-out” analysis using equation 3. 
LINEST: 
OUTPUT 
 
predicted 
log(er) (CV) exptl log(er)   
L1 2.301 2.299 0.932 0.125 
L2 2.086 2.299 0.102 0.191 
L3 2.257 1.996 0.913 0.146 
L4 2.282 2.299 84.306 8.000 
L5 1.822 1.817 1.786 0.169 
L6 0.846 0.865   
L7 1.327 1.235   
L8 1.604 1.591   
L9 1.917 1.817   
L10 1.781 1.996   
 
Coefficient of determination = 0.913 
Standard error [predicted log(er)] = 0.191 
Standard Error [exptl log(er)] = 0.102 
F statistic = 84.306 
Degrees of freedom = 8 
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A.1.4  Relative energies of N1-Aryl TS conformations 
Table A.1.8 Relative Gibbs free energy (&&G‡, kcal/mol, gas phase) and Boltzmann 
distribution at 298.15 K (parenthetical values, %) for bis-ortho-substituted- and ortho-
unsubstituted catalysts. 
 
 
Table A.1.9 Relative Gibbs free energy (&&G‡, kcal/mol, gas phase) and Boltzmann 
distribution at 298.15 K (parenthetical values, %) for mono-ortho-subsituted catalysts. 
ortho-Methyl group orientation is with respect to indane ring. 
 ortho-Me 
orientation 
L2 L3 
TS1 cis 0.00 (58.42) 0.00 (54.88) 
TS1 trans 0.45 (27.36) 0.30 (33.21) 
TS2 cis 1.06 (9.69) 1.18 (7.53) 
TS2 trans 1.82 (2.70) 1.68 (3.22) 
TS3 cis 5.60 (0.00) 5.29 (0.01) 
TS3 trans 5.12 (0.01) 4.67 (0.02) 
TS4 cis 6.15 (0.00) 5.83 (0.00) 
TS4 trans 5.72 (0.00) 5.39 (0.01) 
TS5 cis 5.60 (0.00) 5.44 (0.01) 
TS5 trans 2.94 (0.41) 3.26 (0.22) 
TS6 cis 4.68 (0.02) 4.54 (0.03) 
TS6 trans 2.22 (1.37) 2.46 (0.87) 
TS7 cis 11.23 (0.00) 10.98 (0.00) 
TS7 trans 9.06 (0.00) 8.92 (0.00) 
TS8 cis 9.20 (0.00) 8.88 (0.00) 
TS8 trans 8.59 (0.00) 8.39 (0.00) 
 L1 L4 L5 L6 
TS1 0.00 (86.68) 0.00 (75.68) 0.00 (73.21) 0.00 (78.28) 
TS2 1.11 (13.24) 0.71 (22.96) 0.77 (19.88) 1.09 (12.46) 
TS3 4.83 (0.03) 2.54 (1.04) 1.53 (5.54) 1.35 (8.00) 
TS4 5.26 (0.01) 3.26 (0.31) 2.36 (1.37) 2.50 (1.15) 
TS5 – 7.21 (0.00) 7.25 (0.00) 4.63 (0.03) 
TS6 4.50 (0.04) 5.70 (0.01) 5.58 (0.01) 4.19 (0.07) 
TS7 11.48 (0.00) 9.29 (0.00) 8.07 (0.00) 6.62 (0.00) 
TS8 8.79 (0.00) 6.84 (0.00) 5.81 (0.00) 5.70 (0.01) 
%ee (calc) 99.8% 97.29% 86.17% 81.50% 
     
 L7 L8 L9 L10 
TS1 0.00 (82.53) 0.00 (80.54) 0.00 (74.84) 0.00 (78.78) 
TS2 1.28 (9.54) 1.07 (13.20) 0.73 (21.65) 0.85 (18.70) 
TS3 2.73 (0.82) 3.96 (0.10) 4.39 (0.05) 5.19 (0.01) 
TS4 4.29 (0.06) 5.07 (0.02) 5.91 (0.00) 5.95 (0.00) 
TS5 2.31 (1.69) 2.24 (1.84) 2.59 (0.94) 2.84 (0.66) 
TS6 1.62 (5.36) 1.74 (4.30) 2.01 (2.51) 2.22 (1.85) 
TS7 6.24 (0.00) 7.46 (0.00) 8.59 (0.00) 8.89 (0.00) 
TS8 5.82 (0.00) 7.06 (0.00) 8.20 (0.00) 8.62 (0.00) 
%ee (calc) 84.15% 87.48% 92.99% 94.95% 
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%ee (calc)  96.35% 97.68% 
 
Table A.1.10 Relative Gibbs free energy (&&G‡, kcal/mol, gas phase) and Boltzmann 
distribution at 298.15 K (parenthetical values, %) for full system (see eq 2, main text). 
Optimized geometry at HF/6-31G(d), single point at M06-2X/6-311+G(d,p). 
 L1 L5 L6 
TS1full 0.00 (98.74) 0.00 (98.10) 0.00 (90.77) 
TS2 full 2.58 (1.26) 2.40 (1.72) 2.89 (0.69) 
TS3 full 7.10 (0.00) 3.84 (0.15) 1.48 (7.46) 
TS4 full 7.80 (0.00) 4.87 (0.03) 5.18 (0.01) 
TS5 full – 7.26 (0.00) 3.03 (0.54) 
TS6 full 7.11 (0.00) 6.62 (0.00) 3.27 (0.36) 
TS7 full – 6.82 (0.00) 3.76 (0.16) 
TS8 full 9.80 (0.00) 9.12 (0.00) 6.45 (0.00) 
%ee (calc) 100.00% 99.64% 83.24% 
 
Table A.1.11  Relative Gibbs free energy (&&G‡, kcal/mol, gas phase) and Boltzmann 
distribution at 298.15 K (parenthetical values, %) for L1 (mesityl) using implicit 
solvation models. 
 
IEFPCM-
toluene- 
HF/6-31G(d)// 
IEFPCM-
toluene- 
HF/6-31G(d)a 
IEFPCM-
toluene- 
HF/6-31G(d)// 
HF/6-31G(d)a 
IEFPCM-
toluene- 
HF/6-31G(d)// 
HF/6-31G(d)b 
SMD-toluene-
HF/6-31G(d)// 
HF/6-31G(d)b 
TS1Mes 0.00 (93.23) 0.00 (89.16) 0.00 (90.41) 0.00 (91.30) 
TS2Mes 1.56 (6.69) 1.25 (10.75) 1.34 (9.47) 1.40 (8.56) 
TS3Mes 4.76 (0.03) 4.43 (0.05) 4.10 (0.09) 3.99 (0.11) 
TS4Mes 4.96 (0.02) 5.02 (0.02) 4.86 (0.02) 4.77 (0.03) 
TS5Mes – – – – 
TS6Mes 4.74 (0.03) 4.88 (0.02) 5.60 (0.01) 5.79 (0.01) 
TS7Mes 10.80 (0.00) 10.88 (0.00) 11.57 (0.00) 11.44 (0.00) 
TS8Mes 8.50 (0.00) 8.59 (0.00) 8.79 (0.00) 9.03 (0.00) 
%ee (calc) 99.83% 99.81% 99.76% 99.72% 
 IEFPCM-
CH2Cl2- 
HF/6-31G(d)// 
IEFPCM- 
CH2Cl2- 
HF/6-31G(d)a 
IEFPCM- 
CH2Cl2- 
HF/6-31G(d)// 
HF/6-31G(d)a   
TS1Mes 0.00 (88.00) 0.00 (89.67)   
TS2Mes 1.19 (11.86) 1.29 (10.15)   
TS3Mes 4.27 (0.07) 3.93 (0.12)   
TS4Mes 4.42 (0.05) 4.56 (0.04)   
TS5Mes – –   
TS6Mes 4.87 (0.02) 5.19 (0.01)   
TS7Mes 9.27 (0.00) 9.76 (0.00)   
TS8Mes 7.55 (0.00) 7.89 (0.00)   
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%ee (calc) 99.72% 99.65%   
a UFF radii; b UAKS radii 
 
Table A.1.12 Relative Gibbs free energy (&&G‡, kcal/mol, gas phase) and Boltzmann 
distribution at 298.15 K (parenthetical values, %) for L6 (pentafluorophenyl) using 
implicit solvation models. 
 
IEFPCM-
toluene- 
HF/6-31G(d)// 
IEFPCM-
toluene- 
HF/6-31G(d)a 
IEFPCM-
toluene- 
HF/6-31G(d)// 
HF/6-31G(d)a 
IEFPCM-
toluene- 
HF/6-31G(d)// 
HF/6-31G(d)b 
SMD-toluene-
HF/6-31G(d)// 
HF/6-31G(d)b 
TS1pentaF 0.00 (81.10) 0.00 (79.82) 0.00 (84.45) 0.00 (80.61) 
TS2pentaF 0.98 (15.59) 1.05 (13.62) 1.21 (10.91) 1.01 (14.71) 
TS3pentaF 1.93 (3.14) 1.55 (5.79) 1.81 (3.95) 1.79 (3.94) 
TS4pentaF 4.25 (0.06) 2.84 (0.67) 2.88 (0.65) 2.81 (0.71) 
TS5pentaF 4.32 (0.06) 4.34 (0.05) 5.00 (0.02) 4.77 (0.03) 
TS6pentaF 4.34 (0.05) 4.46 (0.04) 5.11 (0.02) 5.20 (0.01) 
TS7pentaF 6.34 (0.00) 6.12 (0.00) 6.99 (0.00) 6.88 (0.00) 
TS8pentaF 6.28 (0.00) 6.04 (0.00) 7.22 (0.00) 7.46 (0.00) 
%ee (calc) 93.39% 86.89% 90.74% 90.63% 
 IEFPCM-
CH2Cl2- 
HF/6-31G(d)// 
IEFPCM- 
CH2Cl2- 
HF/6-31G(d)a 
IEFPCM- 
CH2Cl2- 
HF/6-31G(d)// 
HF/6-31G(d)a   
TS1pentaF 0.00 (91.14) 0.00 (81.50)   
TS2pentaF 1.55 (6.68) 0.98 (15.59)   
TS3pentaF 2.37 (1.67) 2.08 (2.42)   
TS4pentaF 3.60 (0.21) 3.29 (0.31)   
TS5pentaF 3.49 (0.25) 3.82 (0.13)   
TS6pentaF 4.54 (0.04) 4.71 (0.03)   
TS7pentaF 5.90 (0.00) 5.67 (0.01)   
TS8pentaF 6.48 (0.00) 6.38 (0.00)   
%ee (calc) 95.65% 94.20%   
a UFF radii; b UAKS radii 
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Table A.1.13  Relative Gibbs free energy (&&G‡, kcal/mol, gas phase) and Boltzmann 
distribution at 298.15 K (parenthetical values, %) for L8 (para-(trifluoromethyl)phenyl) 
using implicit solvation models. 
 
IEFPCM-
toluene- 
HF/6-31G(d)// 
IEFPCM-
toluene- 
HF/6-31G(d)a 
IEFPCM-
toluene- 
HF/6-31G(d)// 
HF/6-31G(d)a 
IEFPCM-
toluene- 
HF/6-31G(d)// 
HF/6-31G(d)b 
SMD-toluene-
HF/6-31G(d)// 
HF/6-31G(d)b 
TS1pCF3 0.00 (90.76) 0.00 (66.88) 0.00 (63.26) 0.07 (46.13) 
TS2 pCF3 1.56 (6.56) 0.51 (28.46) 0.35 (34.78) 0.00 (52.21) 
TS3 pCF3 3.98 (0.11) 3.35 (0.24) 3.07 (0.36) 3.00 (0.33) 
TS4 pCF3 5.83 (0.00) 5.00 (0.01) 4.69 (0.02) 4.53 (0.03) 
TS5 pCF3 2.46 (1.43) 1.89 (2.75) 2.40 (1.10) 2.31 (1.06) 
TS6 pCF3 2.59 (1.14) 2.19 (1.66) 2.89 (0.48) 3.17 (0.25) 
TS7 pCF3 6.73 (0.00) 6.65 (0.00) 7.04 (0.00) 7.05 (0.00) 
TS8 pCF3 7.21 (0.00) 6.96 (0.00) 7.88 (0.00) 8.26 (0.00) 
   
ee (calc) 94.63% 90.69% 96.08% 96.67% 
 
IEFPCM-
CH2Cl2- 
HF/6-31G(d)// 
IEFPCM- 
CH2Cl2- 
HF/6-31G(d)a 
IEFPCM- 
CH2Cl2- 
HF/6-31G(d)// 
HF/6-31G(d)a   
TS1pCF3 0.00 (65.42) 0.04 (45.02)   
TS2 pCF3 0.52 (27.19) 0.00 (48.23)   
TS3 pCF3 2.94 (0.46) 2.81 (0.42)   
TS4 pCF3 4.63 (0.03) 4.85 (0.01)   
TS5 pCF3 1.53 (4.90) 1.26 (5.70)   
TS6 pCF3 2.07 (2.00) 2.59 (0.61)   
TS7 pCF3 5.83 (0.00) 5.71 (0.00)   
TS8 pCF3 6.56 (0.00) 6.67 (0.00)   
%ee (calc) 85.22% 86.51%   
a UFF radii; b UAKS radii 
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A.1.5  pKa Calculation Details2  
 
pKa(f) = !f(#E) + $f  
#E = E(Aaq–) – E(HAaq) 
!f = 0.3312 
$f = –89.7135 
E calculated at IEFPCM-OLYP/6-311+G(d,p)//IEFPCM-OLYP/3-21G(d)  
 (solvent = water, radii = UFF) 
 
Boltzmann-weighted average calculated using HF/6-31G(d) at 25 °C: 
! 
pKa = BRT ( j) " pKa ( j)
all
#   
! 
BRT ( j) =
e
"##E j‡
RT
e
"##E ‡
RT
all
$
 
 
 
Table A.1.14  pKa calculations. 
 
 
References 
 
 
 
 
Molecule 
EaqA–  
(hartrees) 
Eaq HA  
(hartrees) 
!E  
(kcal/mol) 
pKa 
Enolate1 -1204.82 -1205.28 286.98 5.34 
Enolate2 -1204.82 -1205.27 284.87 4.63 
Enolate3 -1204.82 -1205.28 288.23 5.75 
Enolate4 -1204.82 -1205.28 289.23 6.08 
    
Molecule 
G (HF/ 
6-31G(d)) 
Relative G 
(kcal/mol) Boltzmann % 
Boltz x 
pKa 
Enolate1 -751112.0316 0.00 61.63% 3.29 
Enolate2 -751110.2469 1.78 3.03% 0.14 
Enolate3 -751110.5281 1.50 4.87% 0.28 
Enolate4 -751111.6143 0.42 30.47% 1.85 
 Temp= 298.15 pKa = 5.56 
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 159 
  
15
9 
Raw Computational Data 
• Method A = HF/6-31G(d), gas phase 
• Method B = IEFPCM-H2O-OLYP/6-311+G(d,p)//IEFPCM-H2O-OLYP/3-21G(d) 
 
 
 
 Method B  Method B 
pKa Enolates Energy  Energy 
Enolate1 -1204.8202 Enolate1–H+ -1205.2775 
Enolate2 -1204.8171 Enolate2–H+ -1205.2710 
Enolate3 -1204.8169 Enolate3–H+ -1205.2762 
Enolate4 -1204.8189 Enolate4–H+ -1205.2798 
 
 
 
 Method A 
Protonated 
Diels-Alder imag freq (cm-1) Energy 
G298 thermal 
correction G298 
TS1DA-H -657.7588 -1388.4951 0.4747 -1388.0204 
TS2DA-H  -700.4511 -1388.4925 0.4743 -1388.0182 
TS3DA-H  -706.8607 -1388.4907 0.4746 -1388.0160 
TS4DA-H  -736.7769 -1388.4890 0.4741 -1388.0149 
TS5DA-H  -738.9340 -1388.4902 0.4755 -1388.0146 
TS6DA-H  -702.4118 -1388.4909 0.4753 -1388.0156 
TS7DA-H  -689.0310 -1388.4855 0.4758 -1388.0097 
TS8DA-H  -779.6015 -1388.4856 0.4744 -1388.0112 
Protonated 
Claisen     
TS1Claisen-H -394.3189 -1388.5073 0.4734 -1388.0339 
TS2Claisen-H  -398.3803 -1388.5059 0.4728 -1388.0331 
TS3Claisen-H  -372.4273 -1388.5077 0.4752 -1388.0325 
TS4Claisen-H  -364.8838 -1388.4999 0.4689 -1388.0310 
TS5Claisen-H  -369.1942 -1388.5038 0.4729 -1388.0310 
TS6Claisen-H  -372.7354 -1388.5037 0.4730 -1388.0307 
TS7Claisen-H  -375.7350 -1388.5028 0.4754 -1388.0274 
TS8Claisen-H  -410.5490 -1388.4987 0.4723 -1388.0264 
Enolates     
Enolate1 none -1197.3692 0.3960 -1196.9732 
Enolate2 none -1197.3659 0.3955 -1196.9704 
Enolate3 none -1197.3664 0.3956 -1196.9708 
Enolate4 none -1197.3688 0.3963 -1196.9726 
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• Method A = HF/6-31G(d), gas phase 
• Method C = IEFPCM-solvent-HF/6-31G(d)//IEFPCM-solvent-HF/6-31G(d), UFF radii 
• Method D = IEFPCM-solvent-HF/6-31G(d)//HF/6-31G(d), UFF radii 
• Method E = IEFPCM-solvent-HF/6-31G(d)//HF/6-31G(d), UAKS radii 
• Method F = SMD-solvent-HF/6-31G(d)//HF/6-31G(d), SMD radii (uses iefpcm solvation method) 
 Method A Method C Method D Method E Method F 
L1 
imag 
freq 
(cm-1) Energy 
G298 
thermal 
correction G298 Toluene CH2Cl2 Toluene CH2Cl2 Toluene Toluene 
TS1Mes -574.869 -1388.106 0.461 -1387.645 -1388.116 -1388.125 -1388.115 -1388.124 -1388.135 -1388.152 
TS2Mes  -581.509 -1388.103 0.460 -1387.643 -1388.113 -1388.122 -1388.112 -1388.121 -1388.131 -1388.149 
TS3Mes  -579.580 -1388.097 0.460 -1387.637 -1388.108 -1388.118 -1388.108 -1388.117 -1388.127 -1388.145 
TS4Mes  -583.185 -1388.096 0.460 -1387.637 -1388.107 -1388.116 -1388.106 -1388.116 -1388.126 -1388.144 
TS5Mes  – – – – – – – – – – 
TS6Mes  -586.448 -1388.100 0.462 -1387.638 -1388.109 -1388.118 -1388.109 -1388.117 -1388.127 -1388.144 
TS7Mes  -597.486 -1388.089 0.462 -1387.627 -1388.100 -1388.111 -1388.100 -1388.110 -1388.118 -1388.136 
TS8Mes  -557.906 -1388.092 0.461 -1387.631 -1388.102 -1388.113 -1388.102 -1388.111 -1388.120 -1388.138 
L6           
TS1pentaF -584.165 -1765.194 0.329 -1764.865 -1765.204 -1765.214 -1765.204 -1765.213 -1765.225 -1765.237 
TS2pentaF  -596.594 -1765.191 0.328 -1764.863 -1765.201 -1765.212 -1765.201 -1765.211 -1765.222 -1765.234 
TS3pentaF  -588.714 -1765.192 0.329 -1764.863 -1765.203 -1765.212 -1765.202 -1765.211 -1765.223 -1765.234 
TS4pentaF  -592.039 -1765.190 0.329 -1764.861 -1765.200 -1765.209 -1765.199 -1765.208 -1765.220 -1765.232 
TS5pentaF  -593.775 -1765.189 0.331 -1764.858 -1765.200 -1765.210 -1765.199 -1765.209 -1765.219 -1765.231 
TS6pentaF  -591.328 -1765.189 0.331 -1764.858 -1765.199 -1765.209 -1765.199 -1765.208 -1765.219 -1765.230 
TS7pentaF  -604.368 -1765.186 0.331 -1764.855 -1765.197 -1765.208 -1765.197 -1765.207 -1765.216 -1765.228 
TS8pentaF  -567.950 -1765.186 0.330 -1764.856 -1765.196 -1765.205 -1765.195 -1765.204 -1765.214 -1765.226 
L8           
TS1pCF3 -575.935 -1606.612 0.377 -1606.234 -1606.622 -1606.632 -1606.622 -1606.631 -1606.642 -1606.657 
TS2pCF3  -595.423 -1606.607 0.375 -1606.233 -1606.619 -1606.630 -1606.619 -1606.629 -1606.639 -1606.654 
TS3pCF3  -566.228 -1606.605 0.377 -1606.228 -1606.616 -1606.627 -1606.616 -1606.626 -1606.636 -1606.651 
TS4pCF3  -580.868 -1606.602 0.376 -1606.226 -1606.613 -1606.624 -1606.613 -1606.622 -1606.633 -1606.648 
TS5pCF3  -593.794 -1606.609 0.378 -1606.231 -1606.620 -1606.631 -1606.620 -1606.630 -1606.639 -1606.654 
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TS6pCF3  -586.199 -1606.610 0.378 -1606.232 -1606.620 -1606.629 -1606.620 -1606.628 -1606.638 -1606.653 
TS7pCF3  -592.874 -1606.600 0.378 -1606.223 -1606.612 -1606.624 -1606.612 -1606.623 -1606.631 -1606.646 
TS8pCF3  -547.915 -1606.601 0.377 -1606.223 -1606.611 -1606.622 -1606.611 -1606.621 -1606.629 -1606.644 
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• Method A = HF/6-31G(d), gas phase 
 
  Method A 
L2 
ortho-Me 
orientation 
imag freq 
(cm-1) Energy 
G298 thermal 
correction G298 
TS12Me4OMe up -570.3485 -1423.9118 0.4384 -1423.4734 
TS12Me4OMe  down -573.5882 -1423.9122 0.4381 -1423.4741 
TS22Me4OMe  up -578.0976 -1423.9088 0.4377 -1423.4712 
TS22Me4OMe  down -580.3256 -1423.9085 0.4361 -1423.4724 
TS32Me4OMe  up -578.9035 -1423.9036 0.4377 -1423.4659 
TS32Me4OMe  down -560.1341 -1423.9024 0.4372 -1423.4652 
TS42Me4OMe  up -581.4826 -1423.9025 0.4376 -1423.4650 
TS42Me4OMe  down -579.5614 -1423.9009 0.4366 -1423.4643 
TS52Me4OMe  up -591.9132 -1423.9087 0.4392 -1423.4694 
TS52Me4OMe  down -594.0926 -1423.9040 0.4388 -1423.4652 
TS62Me4OMe  up -584.7490 -1423.9098 0.4393 -1423.4705 
TS62Me4OMe  down -582.4807 -1423.9058 0.4392 -1423.4666 
TS72Me4OMe  up -594.7881 -1423.8993 0.4397 -1423.4597 
TS72Me4OMe  down -595.3690 -1423.8961 0.4399 -1423.4562 
TS82Me4OMe  up -541.5797 -1423.8982 0.4378 -1423.4604 
TS82Me4OMe  down -556.2116 -1423.8978 0.4383 -1423.4594 
L3      
TS1orthoMe up -570.1323 -1310.0302 0.4065 -1309.6237 
TS1orthoMe  down -574.8664 -1310.0302 0.4060 -1309.6242 
TS2orthoMe  up -577.9229 -1310.0272 0.4057 -1309.6215 
TS2orthoMe  down -584.2207 -1310.0267 0.4043 -1309.6223 
TS3orthoMe  up -577.7437 -1310.0223 0.4056 -1309.6168 
TS3orthoMe  down -563.7783 -1310.0212 0.4054 -1309.6158 
TS4orthoMe  up -581.0984 -1310.0211 0.4055 -1309.6156 
TS4orthoMe  down -578.3716 -1310.0191 0.4042 -1309.6149 
TS5orthoMe  up -593.4901 -1310.0263 0.4073 -1309.6190 
TS5orthoMe  down -594.4275 -1310.0208 0.4052 -1309.6155 
TS6orthoMe  up -585.8656 -1310.0276 0.4073 -1309.6203 
TS6orthoMe  down -582.4810 -1310.0242 0.4072 -1309.6170 
TS7orthoMe  up -596.6439 -1310.0177 0.4077 -1309.6100 
TS7orthoMe  down -593.9748 -1310.0146 0.4079 -1309.6067 
TS8orthoMe  up -545.5372 -1310.0168 0.4059 -1309.6108 
TS8orthoMe  down -555.8884 -1310.0165 0.4064 -1309.6101 
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• Method A = HF/6-31G(d), gas phase 
 
 Method A 
L4 imag freq (cm-1) Energy 
G298 thermal 
correction G298 
TS1TriCl -584.3747 -2647.6704 0.3416 -2647.3288 
TS2TriCl  -595.7062 -2647.6684 0.3408 -2647.3276 
TS3TriCl  -588.0920 -2647.6670 0.3423 -2647.3247 
TS4TriCl  -588.0166 -2647.6653 0.3417 -2647.3236 
TS5TriCl  -600.4507 -2647.6594 0.3422 -2647.3173 
TS6TriCl  -585.1531 -2647.6624 0.3428 -2647.3197 
TS7TriCl  -602.8015 -2647.6573 0.3433 -2647.3140 
TS8TriCl  -568.6180 -2647.6600 0.3421 -2647.3179 
L5     
TS1Cl3F2 -586.8902 -2845.3487 0.3227 -2845.0261 
TS2Cl3F2  -598.2605 -2845.3467 0.3218 -2845.0248 
TS3Cl3F2  -593.5332 -2845.3472 0.3236 -2845.0236 
TS4Cl3F2  -592.7178 -2845.3452 0.3229 -2845.0223 
TS5Cl3F2  -600.5102 -2845.3377 0.3232 -2845.0145 
TS6Cl3F2  -586.0860 -2845.3410 0.3238 -2845.0172 
TS7Cl3F2  -606.1935 -2845.3377 0.3245 -2845.0132 
TS8Cl3F2  -573.1625 -2845.3402 0.3234 -2845.0168 
L7     
TS1diCF3 -579.9084 -1942.2294 0.3772 -1941.8521 
TS2diCF3  -598.5075 -1942.2240 0.3739 -1941.8501 
TS3diCF3  -571.1479 -1942.2238 0.3760 -1941.8478 
TS4diCF3  -583.9765 -1942.2212 0.3759 -1941.8453 
TS5diCF3  -593.6437 -1942.2267 0.3782 -1941.8485 
TS6diCF3  -586.8368 -1942.2277 0.3781 -1941.8496 
TS7diCF3  -599.9365 -1942.2203 0.3781 -1941.8422 
TS8diCF3  -554.3284 -1942.2201 0.3772 -1941.8429 
L9     
TS1Ph -571.6105 -1270.9922 0.3781 -1270.6140 
TS2Ph  -590.3735 -1270.9887 0.3759 -1270.6128 
TS3Ph  -565.7815 -1270.9835 0.3764 -1270.6070 
TS4Ph  -578.6191 -1270.9819 0.3773 -1270.6046 
TS5Ph  -592.3466 -1270.9892 0.3793 -1270.6099 
TS6Ph  -584.5329 -1270.9901 0.3793 -1270.6108 
TS7Ph  -588.8614 -1270.9792 0.3788 -1270.6003 
TS8Ph  -543.1307 -1270.9794 0.3784 -1270.6009 
L10     
TS1pOMe -570.9953 -1384.8736 0.4102 -1384.4634 
TS2pOMe  -585.0889 -1384.8699 0.4079 -1384.4621 
TS3pOMe  -571.5138 -1384.8644 0.4092 -1384.4551 
TS4pOMe  -579.9136 -1384.8634 0.4095 -1384.4539 
TS5pOMe  -591.4604 -1384.8701 0.4112 -1384.4589 
TS6pOMe  -583.9594 -1384.8711 0.4112 -1384.4599 
TS7pOMe  -591.6063 -1384.8599 0.4107 -1384.4493 
TS8pOMe  -543.0993 -1384.8602 0.4105 -1384.4497 
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• Method A = HF/6-31G(d), gas phase 
• Method G = M062X/6-311+G(d,p)//HF/6-31G(d), gas phase 
 
 Method A Method G 
L1-Full (eq 1.2) 
imag freq 
(cm-1) Energy 
G298 thermal 
correction G298 Energy 
TS1Mes-Full -555.5659 -2112.8887 0.6922 -2112.1966 -2125.8697 
TS2Mes-Full  -565.0241 -2112.8855 0.6914 -2112.1942 -2125.8656 
TS3Mes-Full  -553.4849 -2112.8770 0.6915 -2112.1855 -2125.8584 
TS4Mes-Full  -557.0892 -2112.8763 0.6917 -2112.1846 -2125.8573 
TS5Mes-Full  – – – – – 
TS6Mes-Full  -575.9103 -2112.8790 0.6933 -2112.1858 -2125.8584 
TS7Mes-Full  – – – – – 
TS8Mes-Full  -538.2177 -2112.8757 0.6920 -2112.1837 -2125.8541 
L5-Full (eq 1.2)      
TS1Cl3F2-Full -568.0677 -3570.1318 0.5542 -3569.5776 -3585.1938 
TS2Cl3F2-Full  -581.6424 -3570.1291 0.5534 -3569.5757 -3585.1900 
TS3Cl3F2-Full  -575.6430 -3570.1247 0.5551 -3569.5696 -3585.1877 
TS4Cl3F2-Full  -574.8779 -3570.1234 0.5547 -3569.5686 -3585.1861 
TS5Cl3F2-Full  -586.6697 -3570.1212 0.5550 -3569.5662 -3585.1822 
TS6Cl3F2-Full  -579.8855 -3570.1219 0.5548 -3569.5671 -3585.1833 
TS7Cl3F2-Full  -582.7377 -3570.1147 0.5564 -3569.5583 -3585.1830 
TS8Cl3F2-Full  -568.0436 -3570.1202 0.5544 -3569.5657 -3585.1793 
L6-Full (eq 1.2)      
TS1pentaF-full -563.3771 -2489.9786 0.5604 -2489.4182 -2504.0975 
TS2pentaF-full  -577.5723 -2489.9751 0.5594 -2489.4157 -2504.0929 
TS3pentaF-full  -568.0029 -2489.9727 0.5616 -2489.4111 -2504.0951 
TS4pentaF-full  -568.7948 -2489.9696 0.5600 -2489.4096 -2504.0892 
TS5pentaF-full  -577.0198 -2489.9721 0.5625 -2489.4096 -2504.0926 
TS6pentaF-full  -575.7672 -2489.9720 0.5621 -2489.4099 -2504.0923 
TS7pentaF-full  -576.3876 -2489.9660 0.5631 -2489.4029 -2504.0915 
TS8pentaF-full  -559.6230 -2489.9680 0.5613 -2489.4068 -2504.0872 
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• Method H = MP2/aug-cc-pVDZ, gas phase 
• Method I = M052X/6-31+G(d,p), gas phase 
• Method J = counterpoise-corrected MP2/aug-cc-pVDZ, gas phase 
• Method K = counterpoise-corrected M052X/6-31+G(d,p), gas phase 
 
 Method H Method I 
Arenes and alkenes Energy Energy 
enol of acetaldehyde -153.4007 -153.7963 
ethylene -78.3289 -78.5757 
1,3,5-trifluorobenzene -528.7135 -529.9345 
benzene -231.5402 -232.2341 
mesitylene -349.1173 -350.1739 
 Method J Method K 
CH–! complexes Energy Energy 
Y1 enol -682.1171 -683.7327 
Y1 ethylene -607.0453 -608.5121 
Y2 enol -682.1175 -683.7332 
Y2 ethylene -607.0457 -608.5126 
Y3 enol -384.9446 -386.0335 
Y3 ethylene -309.8727 -310.8127 
Y4 enol -502.5236 -503.9747 
Y4 ethylene -427.4517 -428.7539 
 
 
 
A.2  Kinetic Resolution Supporting Data 
A.2.1  Reaction Path Calculations 
Table A.2.1  Hydrous Two-Step Path. All gas phase calculations performed using 
B3LYP/6-31G(d,p) at 298K; All solvated calculations performed using IEFPCM-
CH2Cl2-M062X/6-311+G(d,p)//B3LYP/6-31G(d,p). 
Step Start First TS First Tet Second Tet Second TS End 
G B3LYP/6-
31G(d,p) -1186.84 -1186.79 -1186.81 -1186.81 -1186.81 -1186.85 
G (kcal/mol) -744755.13 -744724.47 -744736.27 -744734.71 -744732.49 -744761.04 
RelG(B3LYP) 0.00 30.66 18.86 20.42 22.64 -5.91 
       
Thermal 
CorrectionG 0.34 0.38 0.38 0.38 0.38 0.34 
M062Xsolv 
/6-311+G(d,p) -1187.07 -1187.05 -1187.08 -1187.08 -1187.06 -1187.09 
Solvated G 
(kcal/mol) -744686.93 -744650.36 -744665.08 -744661.67 -744652.13 -744696.21 
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Rel G 0.00 36.56 21.84 25.26 34.80 -9.29 
Thermal 
CorrectionH 0.45 0.45 0.46 0.46 0.46 0.45 
Solvated H -744614.21 -744604.70 -744617.71 -744613.99 -744604.22 -744623.45 
Rel H 0.00 9.51 -3.51 0.22 9.99 -9.24 
T*S 72.72 45.66 47.37 47.68 47.91 72.76 
Rel T*S 0.00 -27.06 -25.35 -25.04 -24.81 0.04 
 
 
Table A.2.2 Anhydrous Two-Step Path. All gas phase calculations performed using 
B3LYP/6-31G(d,p) at 298K; All solvated calculations performed using IEFPCM-
CH2Cl2-M062X/6-311+G(d,p)//B3LYP/6-31G(d,p). 
Step Start First TS First Tet Second Tet Second TS End 
G B3LYP/6-
31G(d,p) 
-1110.43 -1110.35 -1110.40 -1110.39 -1110.37 -1110.44 
G (kcal/mol) -696803.35 -696756.72 -696783.42 -696777.62 -696770.43 -696809.26 
RelG(B3LYP) 0.00 46.63 19.93 25.73 32.92 -5.91 
       
Thermal 
CorrectionG 
0.33 0.35 0.36 0.36 0.36 0.33 
M062Xsolv 
/6-311+G(d,p) 
-1110.63 -1110.59 -1110.63 -1110.63 -1110.61 -1110.65 
Solvated G 
(kcal/mol) 
-696724.88 -696681.38 -696709.20 -696704.40 -696693.35 -696734.17 
Rel G 0.00 43.51 15.68 20.48 31.53 -9.29 
Thermal 
CorrectionH 
0.43 0.42 0.43 0.43 0.43 0.43 
Solvated H -696665.61 -696637.04 -696664.60 -696659.66 -696648.71 -696674.86 
Rel H 0.00 28.58 1.01 5.95 16.90 -9.24 
T*S 59.27 44.34 44.60 44.74 44.64 59.31 
Rel T*S 0.00 -14.93 -14.67 -14.52 -14.63 0.04 
 
Table A.2.3 Hydrous Concerted Path. All gas phase calculations performed using 
B3LYP/6-31G(d,p) at 298K; All solvated calculations performed using IEFPCM-
CH2Cl2-M062X/6-311+G(d,p)//B3LYP/6-31G(d,p). 
Step Start Cncrtd TS End 
G B3LYP/6-
31G(d,p) 
-1186.84 -1186.80 -1186.85 
G (kcal/mol) -744755.13 -744727.60 -744761.04 
RelG(B3LYP) 0.00 27.53 -5.91 
    
Thermal 
CorrectionG 
0.34 0.37 0.34 
M062Xsolv 
/6-311+G(d,p) 
-1187.07 -1187.05 -1187.09 
Solvated G 
(kcal/mol) 
-744686.93 -744653.46 -744696.21 
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Step Start Cncrtd TS End 
Rel G 0.00 33.47 -9.29 
Thermal 
CorrectionH 
0.45 0.45 0.45 
Solvated H -744614.21 -744604.02 -744623.45 
Rel H 0.00 10.19 -9.24 
T*S 72.72 49.44 72.76 
Rel T*S 0.00 -23.28 0.04 
 
Table A.2.4 Anhydrous Concerted Path. All gas phase calculations performed using 
B3LYP/6-31G(d,p) at 298K; All solvated calculations performed using IEFPCM-
CH2Cl2-M062X/6-311+G(d,p)//B3LYP/6-31G(d,p). 
Step Start Cncrtd TS End 
G B3LYP/6-
31G(d,p) 
-1110.43 -1110.36 -1110.44 
G (kcal/mol) -696803.35 -696759.27 -696809.26 
RelG(B3LYP) 0.00 44.07 -5.91 
    
Thermal 
CorrectionG 
0.33 0.35 0.33 
M062Xsolv 
/6-311+G(d,p) 
-1110.63 -1110.60 -1110.65 
Solvated G 
(kcal/mol) 
-696724.88 -696689.61 -696734.17 
Rel G 0.00 35.28 -9.29 
Thermal 
CorrectionH 
0.43 0.43 0.43 
Solvated H -696665.61 -696643.71 -696674.86 
Rel H 0.00 21.91 -9.24 
T*S 59.27 45.90 59.31 
Rel T*S 0.00 -13.37 0.04 
 
Table A.2.5  Hydroxamic Acid Proton Transfer Path. All gas phase calculations 
performed using B3LYP/6-31G(d,p) at 298K; All solvated calculations performed using 
IEFPCM-CH2Cl2-M062X/6-311+G(d,p)//B3LYP/6-31G(d,p). 
Step Start First TS Nitrone Nitrone PT End 
G B3LYP/6-
31G(d,p) 
-1110.43 -1110.39 -1110.42 -1110.42 -1110.44 
G (kcal/mol) -696803.35 -696780.44 -696797.15 -696797.53 -696809.26 
RelG(B3LYP) 0.00 22.91 6.20 5.82 -5.91 
      
Thermal 
CorrectionG 
0.33 0.35 0.33 0.33 0.33 
M062Xsolv 
/6-311+G(d,p) 
-1110.63 -1110.62 -1110.63 -1110.62 -1110.65 
Solvated G 
(kcal/mol) 
-696724.88 -696702.20 -696722.31 -696719.05 -696734.17 
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Rel G 0.00 22.68 2.57 5.83 -9.29 
Thermal 
CorrectionH 
0.43 0.42 0.43 0.42 0.43 
Solvated H -696665.61 -696657.07 -696663.72 -696660.74 -696674.86 
Rel H 0.00 8.54 1.90 4.87 -9.24 
T*S 59.27 45.13 58.59 58.30 59.31 
Rel T*S 0.00 -14.13 -0.68 -0.96 0.04 
A.2.2  krel Calculation Method 
! 
k = Ae
"##E ‡
RT    
! 
krel = kSkR
=
e
"##E‡
RT
S
$
e
"##E‡
RT
R
$
 
A.2.3  Explanation of Variables for Tables 
R O
O
N
O
R O
O
NO
trans cis
N
O N
H
O
O
R
O
re-face
N
ON
H
O
O
R
O
si-face
Ester Geometry: Carbonyl Approach:
Morpoline Conformation:
N
HH
O O
O
H N
HH O
O
O
H
cis- to indane trans- to indane
N
O N
H
O
O
R
O
Amine Lone Pair Orientation:
equatorial axial
N
O N
H
O
O
R
O
Piperidine Conformation:
NN N NH
H
H
H
Rpiper1Rpiper2 Rpiper3 Rpiper4
MeMe
Me Me NN N NH
H
H
H
Spiper1Spiper2 Spiper3 Spiper4
Me
Me Me Me
Ethyl Rotamer:
Rotamer 2Rotamer 1
N
O
O
H
Me
H
N
H
HO O
H
N
O
O
Me
H
H
N
H
HO O
H
Rotamer 3
(prohibitively high energy)
N
O
O
H
H
Me
N
H
HO O
H
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A.2.4  Tree of Variables and Transition State Conformations 
Spip2Rpip2 Rpip3 Spip3
Re Face
Spip1Rpip1 Rpip4 Spip4 Spip2Rpip2 Rpip3 Spip3
Spip2Rpip2 Rpip3 Spip3 Spip2Rpip2 Rpip3 Spip3
Spip1Rpip1 Rpip4 Spip4
Spip1Rpip1 Rpip4 Spip4 Spip1Rpip1 Rpip4 Spip4
TS2 TS3 TS10 TS11 TS12
TS20 TS25 TS27
TS1
TS18
TS4 TS9
TS17 TS19 TS26
TS5 TS6 TS7 TS8 TS13 TS14 TS15 TS16
TS21 TS22 TS23 TS24 TS29 TS30 TS31 TS32
ax lone paireq lone pair
morpholine O cis to indane morpholine O trans to indane
morpholine O cis to indane morpholine O trans to indane
Si Face
TS28
Spip2Rpip2 Rpip3 Spip3
Re Face
Spip1Rpip1 Rpip4 Spip4 Spip2Rpip2 Rpip3 Spip3
Spip2Rpip2 Rpip3 Spip3 Spip2Rpip2 Rpip3 Spip3
Spip1Rpip1 Rpip4 Spip4
Spip1Rpip1 Rpip4 Spip4 Spip1Rpip1 Rpip4 Spip4
morpholine O cis to indane morpholine O trans to indane
morpholine O cis to indane morpholine O trans to indane
TS33
TS49
ax lone paireq lone pair
ax lone paireq lone pairax lone paireq lone pair
ax lone paireq lone pair ax lone paireq lone pair
ax lone paireq lone pairax lone paireq lone pair
TS34 TS35 TS36 TS37 TS38 TS39 TS40 TS41 TS42 TS43 TS44 TS45 TS46 TS47 TS48
TS50 TS51 TS52 TS53 TS54 TS55 TS56 TS57 TS58 TS59 TS60 TS61 TS62 TS63 TS64
trans-ester
Si Face
cis-ester
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A.2.5  Transition State Conformations and Relative Energies 
Table A.2.6  Transition states, relative energies (kcal/mol), and krel for the propionate hydroxamic acid ester in the gas phase. 
All values  calculated at 298 K using B3LYP/6-31G(d,p) 
TS 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidine 
conf 
Ethyl 
Rotamer 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
Rel 
T*!S 
TS1 cis re-face O cis to indane equatorial Rpip2 2 1.49 7.34% 1.42 8.05% -0.07 
TS2 cis re-face O cis to indane equatorial Rpip3 2 3.93 0.12% 3.22 0.38% -0.70 
TS3 cis re-face O cis to indane equatorial Spip2 2 4.89 0.02% 4.36 0.06% -0.54 
TS4 cis re-face O cis to indane equatorial Spip3 2 0.00 90.79% 0.00 88.32% 0.00 
TS5 cis re-face O cis to indane axial Rpip1 2 6.42 0.00% 5.89 0.00% -0.53 
TS6 cis re-face O cis to indane axial Rpip4 2 3.06 0.52% 2.58 1.13% -0.48 
TS7 cis re-face O cis to indane axial Spip1 2 4.44 0.05% 3.83 0.14% -0.60 
TS8 cis re-face O cis to indane axial Spip4 2 2.75 0.87% 2.61 1.07% -0.14 
TS9 cis re-face O trans to indane equatorial Rpip2 2 4.30 0.06% 4.62 0.04% 0.31 
TS10 cis re-face O trans to indane equatorial Rpip3 2 8.08 0.00% 6.86 0.00% -1.22 
TS11 cis re-face O trans to indane equatorial Spip2 2 8.11 0.00% 8.34 0.00% 0.23 
TS12 cis re-face O trans to indane equatorial Spip3 2 3.78 0.15% 3.36 0.30% -0.41 
TS13 cis re-face O trans to indane axial Rpip1 2 10.32 0.00% 9.45 0.00% -0.88 
TS14 cis re-face O trans to indane axial Rpip4 2 7.28 0.00% 6.12 0.00% -1.16 
TS15 cis re-face O trans to indane axial Spip1 2 8.67 0.00% 7.48 0.00% -1.19 
TS16 cis re-face O trans to indane axial Spip4 2 6.02 0.00% 5.86 0.00% -0.16 
TS17 cis si-face O cis to indane equatorial Rpip2 2 8.80 0.00% 7.77 0.00% -1.04 
TS18 cis si-face O cis to indane equatorial Rpip3 2 4.62 0.04% 3.23 0.38% -1.39 
TS19 cis si-face O cis to indane equatorial Spip2 2 6.02 0.00% 4.93 0.02% -1.09 
TS20 cis si-face O cis to indane equatorial Spip3 2 7.16 0.00% 6.78 0.00% -0.38 
TS21 cis si-face O cis to indane axial Rpip1 2 9.15 0.00% 7.50 0.00% -1.65 
TS22 cis si-face O cis to indane axial Rpip4 2 7.11 0.00% 6.18 0.00% -0.92 
TS23 cis si-face O cis to indane axial Spip1 2 9.93 0.00% 8.65 0.00% -1.28 
TS24 cis si-face O cis to indane axial Spip4 2 8.33 0.00% 5.71 0.01% -2.62 
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TS 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidine 
conf 
Ethyl 
Rotamer 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
Rel 
T*!S 
TS25 cis si-face O trans to indane equatorial Rpip2 2 9.11 0.00% 8.54 0.00% -0.56 
TS26 cis si-face O trans to indane equatorial Rpip3 2 6.77 0.00% 5.41 0.01% -1.35 
TS27 cis si-face O trans to indane equatorial Spip2 2 5.98 0.00% 5.39 0.01% -0.59 
TS28 cis si-face O trans to indane equatorial Spip3 2 9.66 0.00% 8.80 0.00% -0.86 
TS29 cis si-face O trans to indane axial Rpip1 2 11.48 0.00% 10.03 0.00% -1.46 
TS30 cis si-face O trans to indane axial Rpip4 2 9.67 0.00% 8.30 0.00% -1.37 
TS31 cis si-face O trans to indane axial Spip1 2 12.09 0.00% 11.06 0.00% -1.03 
TS32 cis si-face O trans to indane axial Spip4 2 10.28 0.00% 8.30 0.00% -1.98 
TS33 trans re-face O cis to indane equatorial Rpip2 1 7.96 0.00% 6.34 0.00% -1.62 
TS34 trans re-face O cis to indane equatorial Rpip3 1 6.88 0.00% 5.19 0.01% -1.69 
TS35 trans re-face O cis to indane equatorial Spip2 1 9.54 0.00% 8.43 0.00% -1.11 
TS36 trans re-face O cis to indane equatorial Spip3 1 7.94 0.00% 6.53 0.00% -1.41 
TS37 trans re-face O cis to indane axial Rpip1 1 10.96 0.00% 9.22 0.00% -1.74 
TS38 trans re-face O cis to indane axial Rpip4 1 7.13 0.00% 5.42 0.01% -1.71 
TS39 trans re-face O cis to indane axial Spip1 1 10.12 0.00% 8.13 0.00% -1.99 
TS40 trans re-face O cis to indane axial Spip4 1 7.51 0.00% 5.90 0.00% -1.61 
TS41 trans re-face O trans to indane equatorial Rpip2 2 10.86 0.00% 9.80 0.00% -1.07 
TS42 trans re-face O trans to indane equatorial Rpip3 1 8.23 0.00% 6.92 0.00% -1.31 
TS43 trans re-face O trans to indane equatorial Spip2 1 10.99 0.00% 10.18 0.00% -0.81 
TS44 trans re-face O trans to indane equatorial Spip3 1 9.37 0.00% 8.28 0.00% -1.09 
TS45 trans re-face O trans to indane axial Rpip1 1 12.40 0.00% 11.04 0.00% -1.35 
TS46 trans re-face O trans to indane axial Rpip4 1 8.62 0.00% 7.19 0.00% -1.43 
TS47 trans re-face O trans to indane axial Spip1 2 12.56 0.00% 11.12 0.00% -1.44 
TS48 trans re-face O trans to indane axial Spip4 1 8.98 0.00% 7.71 0.00% -1.27 
TS49 trans si-face O cis to indane equatorial Rpip2 2 8.36 0.00% 8.43 0.00% 0.07 
TS50 trans si-face O cis to indane equatorial Rpip3 2 7.49 0.00% 7.08 0.00% -0.41 
TS51 trans si-face O cis to indane equatorial Spip2 2 6.64 0.00% 5.83 0.00% -0.81 
TS52 trans si-face O cis to indane equatorial Spip3 2 5.19 0.01% 4.74 0.03% -0.45 
TS53 trans si-face O cis to indane axial Rpip1 2 8.32 0.00% 7.29 0.00% -1.03 
TS54 trans si-face O cis to indane axial Rpip4 1 7.37 0.00% 6.19 0.00% -1.18 
TS55 trans si-face O cis to indane axial Spip1 2 9.56 0.00% 9.05 0.00% -0.51 
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TS 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidine 
conf 
Ethyl 
Rotamer 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
Rel 
T*!S 
TS56 trans si-face O cis to indane axial Spip4 1 7.02 0.00% 5.65 0.01% -1.37 
TS57 trans si-face O trans to indane equatorial Rpip2 2 10.38 0.00% 10.43 0.00% 0.05 
TS58 trans si-face O trans to indane equatorial Rpip3 1 9.81 0.00% 8.87 0.00% -0.94 
TS59 trans si-face O trans to indane equatorial Spip2 2 8.75 0.00% 7.86 0.00% -0.90 
TS60 trans si-face O trans to indane equatorial Spip3 2 7.42 0.00% 6.82 0.00% -0.61 
TS61 trans si-face O trans to indane axial Rpip1 2 10.34 0.00% 9.29 0.00% -1.04 
TS62 trans si-face O trans to indane axial Rpip4 2 8.86 0.00% 8.42 0.00% -0.44 
TS63 trans si-face O trans to indane axial Spip1 2 11.53 0.00% 11.03 0.00% -0.49 
TS64 trans si-face O trans to indane axial Spip4 1 9.05 0.00% 7.72 0.00% -1.32 
        
G gas 
phase  
H gas 
phase  
       
krel
= 11.37  8.97  
 
 
Table A.2.7  Transition states, relative energies (kcal/mol), and krel for the propionate hydroxamic acid ester in the solvated 
phase. All values  calculated at 298 K using IEFPCM-CH2Cl2-M062X/6-311+G(d,p)//B3LYP/6-31G(d,p). 
TS 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidin
e conf 
Ethyl 
Rotamer 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
TS1 cis re-face O cis to indane equatorial Rpip2 2 2.38 1.70% 2.31 1.80% 
TS2 cis re-face O cis to indane equatorial Rpip3 2 4.44 0.05% 3.74 0.16% 
TS3 cis re-face O cis to indane equatorial Spip2 2 5.88 0.00% 5.35 0.01% 
TS4 cis re-face O cis to indane equatorial Spip3 2 0.00 95.47% 0.00 89.79% 
TS5 cis re-face O cis to indane axial Rpip1 2 7.50 0.00% 6.97 0.00% 
TS6 cis re-face O cis to indane axial Rpip4 2 3.28 0.37% 2.80 0.79% 
TS7 cis re-face O cis to indane axial Spip1 2 4.66 0.04% 4.05 0.10% 
TS8 cis re-face O cis to indane axial Spip4 2 2.50 1.39% 2.37 1.65% 
TS9 cis re-face O trans to indane equatorial Rpip2 2 5.01 0.02% 5.33 0.01% 
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TS 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidin
e conf 
Ethyl 
Rotamer 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
TS10 cis re-face O trans to indane equatorial Rpip3 2 8.33 0.00% 7.12 0.00% 
TS11 cis re-face O trans to indane equatorial Spip2 2 9.41 0.00% 9.64 0.00% 
TS12 cis re-face O trans to indane equatorial Spip3 2 3.39 0.31% 2.98 0.58% 
TS13 cis re-face O trans to indane axial Rpip1 2 11.26 0.00% 10.39 0.00% 
TS14 cis re-face O trans to indane axial Rpip4 2 7.18 0.00% 6.02 0.00% 
TS15 cis re-face O trans to indane axial Spip1 2 8.68 0.00% 7.49 0.00% 
TS16 cis re-face O trans to indane axial Spip4 2 5.27 0.01% 5.11 0.02% 
TS17 cis si-face O cis to indane equatorial Rpip2 2 9.94 0.00% 8.91 0.00% 
TS18 cis si-face O cis to indane equatorial Rpip3 2 3.58 0.22% 2.19 2.22% 
TS19 cis si-face O cis to indane equatorial Spip2 2 5.97 0.00% 4.88 0.02% 
TS20 cis si-face O cis to indane equatorial Spip3 2 6.28 0.00% 4.84 0.03% 
TS21 cis si-face O cis to indane axial Rpip1 2 8.55 0.00% 6.90 0.00% 
TS22 cis si-face O cis to indane axial Rpip4 2 5.58 0.01% 4.66 0.03% 
TS23 cis si-face O cis to indane axial Spip1 2 10.54 0.00% 9.26 0.00% 
TS24 cis si-face O cis to indane axial Spip4 2 7.80 0.00% 6.25 0.00% 
TS25 cis si-face O trans to indane equatorial Rpip2 2 9.73 0.00% 9.17 0.00% 
TS26 cis si-face O trans to indane equatorial Rpip3 2 5.24 0.01% 3.89 0.13% 
TS27 cis si-face O trans to indane equatorial Spip2 2 5.47 0.01% 4.89 0.02% 
TS28 cis si-face O trans to indane equatorial Spip3 2 9.20 0.00% 7.84 0.00% 
TS29 cis si-face O trans to indane axial Rpip1 2 10.45 0.00% 8.99 0.00% 
TS30 cis si-face O trans to indane axial Rpip4 2 8.54 0.00% 7.17 0.00% 
TS31 cis si-face O trans to indane axial Spip1 2 12.13 0.00% 11.10 0.00% 
TS32 cis si-face O trans to indane axial Spip4 2 9.83 0.00% 8.34 0.00% 
TS33 trans re-face O cis to indane equatorial Rpip2 1 5.83 0.01% 4.21 0.07% 
TS34 trans re-face O cis to indane equatorial Rpip3 1 4.02 0.11% 2.33 1.77% 
TS35 trans re-face O cis to indane equatorial Spip2 1 9.46 0.00% 8.36 0.00% 
TS36 trans re-face O cis to indane equatorial Spip3 1 7.45 0.00% 6.04 0.00% 
TS37 trans re-face O cis to indane axial Rpip1 1 11.00 0.00% 9.26 0.00% 
TS38 trans re-face O cis to indane axial Rpip4 1 6.00 0.00% 4.29 0.06% 
TS39 trans re-face O cis to indane axial Spip1 1 8.22 0.00% 6.23 0.00% 
TS40 trans re-face O cis to indane axial Spip4 1 6.40 0.00% 4.79 0.03% 
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TS 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidin
e conf 
Ethyl 
Rotamer 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
TS41 trans re-face O trans to indane equatorial Rpip2 2 9.08 0.00% 8.01 0.00% 
TS42 trans re-face O trans to indane equatorial Rpip3 1 5.02 0.02% 3.71 0.17% 
TS43 trans re-face O trans to indane equatorial Spip2 1 10.64 0.00% 9.83 0.00% 
TS44 trans re-face O trans to indane equatorial Spip3 1 8.48 0.00% 7.39 0.00% 
TS45 trans re-face O trans to indane axial Rpip1 1 12.09 0.00% 10.73 0.00% 
TS46 trans re-face O trans to indane axial Rpip4 1 7.00 0.00% 5.57 0.01% 
TS47 trans re-face O trans to indane axial Spip1 2 10.92 0.00% 9.49 0.00% 
TS48 trans re-face O trans to indane axial Spip4 1 7.45 0.00% 6.18 0.00% 
TS49 trans si-face O cis to indane equatorial Rpip2 2 9.89 0.00% 9.97 0.00% 
TS50 trans si-face O cis to indane equatorial Rpip3 2 7.64 0.00% 7.23 0.00% 
TS51 trans si-face O cis to indane equatorial Spip2 2 6.27 0.00% 5.46 0.01% 
TS52 trans si-face O cis to indane equatorial Spip3 2 3.65 0.20% 3.21 0.40% 
TS53 trans si-face O cis to indane axial Rpip1 2 8.13 0.00% 7.10 0.00% 
TS54 trans si-face O cis to indane axial Rpip4 1 6.33 0.00% 5.15 0.01% 
TS55 trans si-face O cis to indane axial Spip1 2 10.58 0.00% 10.08 0.00% 
TS56 trans si-face O cis to indane axial Spip4 1 5.74 0.01% 4.37 0.06% 
TS57 trans si-face O trans to indane equatorial Rpip2 2 11.70 0.00% 11.75 0.00% 
TS58 trans si-face O trans to indane equatorial Rpip3 1 9.83 0.00% 8.89 0.00% 
TS59 trans si-face O trans to indane equatorial Spip2 2 8.22 0.00% 7.33 0.00% 
TS60 trans si-face O trans to indane equatorial Spip3 2 5.66 0.01% 5.05 0.02% 
TS61 trans si-face O trans to indane axial Rpip1 2 9.94 0.00% 8.90 0.00% 
TS62 trans si-face O trans to indane axial Rpip4 2 8.70 0.00% 8.26 0.00% 
TS63 trans si-face O trans to indane axial Spip1 2 12.62 0.00% 12.13 0.00% 
TS64 trans si-face O trans to indane axial Spip4 1 8.49 0.00% 7.17 0.00% 
       
 
G 
(solv)  
H 
(solv) 
       krel= 38.41  12.79 
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Table A.2.8 Transition states, relative energies (kcal/mol), and krel for the acetate hydroxamic acid ester in the gas phase. All 
values  calculated at 298 K using B3LYP/6-31G(d,p) 
TSAc 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidine 
conf 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
Rel 
T*!S 
TSAc1 cis re-face O cis to indane equatorial Rpip2 1.56 6.39% 1.35 8.42% -0.21 
TSAc2 cis re-face O cis to indane equatorial Rpip3 3.30 0.34% 2.96 0.55% -0.33 
TSAc3 cis re-face O cis to indane equatorial Spip2 4.18 0.08% 4.34 0.05% 0.16 
TSAc4 cis re-face O cis to indane equatorial Spip3 0.00 88.97% 0.00 81.93% 0.00 
TSAc5 cis re-face O cis to indane axial Rpip1 6.07 0.00% 5.85 0.00% -0.22 
TSAc6 cis re-face O cis to indane axial Rpip4 2.60 1.10% 2.40 1.41% -0.20 
TSAc7 cis re-face O cis to indane axial Spip1 4.08 0.09% 3.68 0.16% -0.40 
TSAc8 cis re-face O cis to indane axial Spip4 2.76 0.84% 2.43 1.35% -0.33 
TSAc9 cis re-face O trans to indane equatorial Rpip2 4.05 0.09% 4.63 0.03% 0.58 
TSAc10 cis re-face O trans to indane equatorial Rpip3 6.81 0.00% 6.35 0.00% -0.47 
TSAc11 cis re-face O trans to indane equatorial Spip2 8.23 0.00% 8.16 0.00% -0.07 
TSAc12 cis re-face O trans to indane equatorial Spip3 3.17 0.42% 3.32 0.30% 0.14 
TSAc13 cis re-face O trans to indane axial Rpip1 9.98 0.00% 9.34 0.00% -0.64 
TSAc14 cis re-face O trans to indane axial Rpip4 5.68 0.01% 5.61 0.01% -0.07 
TSAc15 cis re-face O trans to indane axial Spip1 7.35 0.00% 7.00 0.00% -0.35 
TSAc16 cis re-face O trans to indane axial Spip4 5.46 0.01% 5.62 0.01% 0.15 
TSAc17 cis si-face O cis to indane equatorial Rpip2 7.72 0.00% 6.70 0.00% -1.02 
TSAc18 cis si-face O cis to indane equatorial Rpip3 3.40 0.28% 2.28 1.75% -1.13 
TSAc19 cis si-face O cis to indane equatorial Spip2 4.15 0.08% 3.49 0.23% -0.66 
TSAc20 cis si-face O cis to indane equatorial Spip3 6.79 0.00% 5.52 0.01% -1.28 
TSAc21 cis si-face O cis to indane axial Rpip1 7.55 0.00% 6.28 0.00% -1.27 
TSAc22 cis si-face O cis to indane axial Rpip4 5.48 0.01% 4.78 0.03% -0.70 
TSAc23 cis si-face O cis to indane axial Spip1 8.85 0.00% 7.80 0.00% -1.06 
TSAc24 cis si-face O cis to indane axial Spip4 5.87 0.00% 4.64 0.03% -1.22 
TSAc25 cis si-face O trans to indane equatorial Rpip2 6.99 0.00% 7.59 0.00% 0.59 
TSAc26 cis si-face O trans to indane equatorial Rpip3 2.73 0.89% 2.82 0.70% 0.10 
TSAc27 cis si-face O trans to indane equatorial Spip2 4.33 0.06% 4.19 0.07% -0.14 
TSAc28 cis si-face O trans to indane equatorial Spip3 6.28 0.00% 5.78 0.00% -0.49 
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TSAc 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidine 
conf 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
Rel 
T*!S 
TSAc29 cis si-face O trans to indane axial Rpip1 7.04 0.00% 6.50 0.00% -0.54 
TSAc30 cis si-face O trans to indane axial Rpip4 5.54 0.01% 5.20 0.01% -0.34 
TSAc31 cis si-face O trans to indane axial Spip1 9.34 0.00% 8.92 0.00% -0.41 
TSAc32 cis si-face O trans to indane axial Spip4 5.41 0.01% 5.19 0.01% -0.23 
TSAc33 trans re-face O cis to indane equatorial Rpip2 5.77 0.01% 4.16 0.07% -1.61 
TSAc34 trans re-face O cis to indane equatorial Rpip3 4.34 0.06% 2.70 0.86% -1.64 
TSAc35 trans re-face O cis to indane equatorial Spip2 6.89 0.00% 5.72 0.01% -1.17 
TSAc36 trans re-face O cis to indane equatorial Spip3 6.28 0.00% 4.64 0.03% -1.64 
TSAc37 trans re-face O cis to indane axial Rpip1 8.33 0.00% 6.54 0.00% -1.80 
TSAc38 trans re-face O cis to indane axial Rpip4 5.26 0.01% 3.41 0.26% -1.85 
TSAc39 trans re-face O cis to indane axial Spip1 7.41 0.00% 5.53 0.01% -1.88 
TSAc40 trans re-face O cis to indane axial Spip4 5.74 0.01% 3.91 0.11% -1.83 
TSAc41 trans re-face O trans to indane equatorial Rpip2 6.88 0.00% 5.56 0.01% -1.32 
TSAc42 trans re-face O trans to indane equatorial Rpip3 5.60 0.01% 4.25 0.06% -1.35 
TSAc43 trans re-face O trans to indane equatorial Spip2 8.12 0.00% 7.32 0.00% -0.80 
TSAc44 trans re-face O trans to indane equatorial Spip3 7.59 0.00% 6.28 0.00% -1.31 
TSAc45 trans re-face O trans to indane axial Rpip1 9.55 0.00% 8.21 0.00% -1.34 
TSAc46 trans re-face O trans to indane axial Rpip4 6.44 0.00% 5.00 0.02% -1.43 
TSAc47 trans re-face O trans to indane axial Spip1 8.63 0.00% 6.98 0.00% -1.64 
TSAc48 trans re-face O trans to indane axial Spip4 6.97 0.00% 5.56 0.01% -1.41 
TSAc49 trans si-face O cis to indane equatorial Rpip2 6.31 0.00% 5.66 0.01% -0.65 
TSAc50 trans si-face O cis to indane equatorial Rpip3 5.94 0.00% 4.73 0.03% -1.21 
TSAc51 trans si-face O cis to indane equatorial Spip2 4.95 0.02% 3.81 0.13% -1.14 
TSAc52 trans si-face O cis to indane equatorial Spip3 3.80 0.15% 2.64 0.94% -1.16 
TSAc53 trans si-face O cis to indane axial Rpip1 6.76 0.00% 5.22 0.01% -1.54 
TSAc54 trans si-face O cis to indane axial Rpip4 5.32 0.01% 4.01 0.09% -1.31 
TSAc55 trans si-face O cis to indane axial Spip1 7.81 0.00% 6.62 0.00% -1.19 
TSAc56 trans si-face O cis to indane axial Spip4 4.92 0.02% 3.46 0.24% -1.45 
TSAc57 trans si-face O trans to indane equatorial Rpip2 8.33 0.00% 7.79 0.00% -0.55 
TSAc58 trans si-face O trans to indane equatorial Rpip3 7.97 0.00% 6.94 0.00% -1.03 
TSAc59 trans si-face O trans to indane equatorial Spip2 7.09 0.00% 5.99 0.00% -1.10 
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TSAc 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidine 
conf 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
Rel 
T*!S 
TSAc60 trans si-face O trans to indane equatorial Spip3 5.98 0.00% 4.85 0.02% -1.13 
TSAc61 trans si-face O trans to indane axial Rpip1 8.77 0.00% 7.42 0.00% -1.35 
TSAc62 trans si-face O trans to indane axial Rpip4 7.32 0.00% 6.16 0.00% -1.16 
TSAc63 trans si-face O trans to indane axial Spip1 9.84 0.00% 8.72 0.00% -1.12 
TSAc64 trans si-face O trans to indane axial Spip4 7.03 0.00% 5.66 0.01% -1.37 
       
G gas 
phase  
H gas 
phase  
      krel= 9.83  5.97  
 
 
 
Table A.2.9  Transition states, relative energies (kcal/mol), and krel for the acetate hydroxamic acid ester in the solvated phase. 
All values calculated at 298 K using IEFPCM-CH2Cl2-M062X/6-311+G(d,p)//B3LYP/6-31G(d,p). 
TSAc 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidine 
conf 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
TSAc1 cis re-face O cis to indane equatorial Rpip2 2.66 0.85% 2.45 0.58% 
TSAc2 cis re-face O cis to indane equatorial Rpip3 3.77 0.13% 3.43 0.11% 
TSAc3 cis re-face O cis to indane equatorial Spip2 5.48 0.01% 5.64 0.00% 
TSAc4 cis re-face O cis to indane equatorial Spip3 0.00 76.53% 0.00 36.69% 
TSAc5 cis re-face O cis to indane axial Rpip1 7.07 0.00% 6.86 0.00% 
TSAc6 cis re-face O cis to indane axial Rpip4 2.84 0.63% 2.65 0.42% 
TSAc7 cis re-face O cis to indane axial Spip1 4.42 0.04% 4.01 0.04% 
TSAc8 cis re-face O cis to indane axial Spip4 2.60 0.95% 2.27 0.79% 
TSAc9 cis re-face O trans to indane equatorial Rpip2 4.78 0.02% 5.35 0.00% 
TSAc10 cis re-face O trans to indane equatorial Rpip3 6.84 0.00% 6.37 0.00% 
TSAc11 cis re-face O trans to indane equatorial Spip2 9.50 0.00% 9.43 0.00% 
TSAc12 cis re-face O trans to indane equatorial Spip3 2.74 0.75% 2.89 0.28% 
TSAc13 cis re-face O trans to indane axial Rpip1 10.86 0.00% 10.22 0.00% 
TSAc14 cis re-face O trans to indane axial Rpip4 5.48 0.01% 5.41 0.00% 
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TSAc 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidine 
conf 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
TSAc15 cis re-face O trans to indane axial Spip1 7.38 0.00% 7.03 0.00% 
TSAc16 cis re-face O trans to indane axial Spip4 4.89 0.02% 5.04 0.01% 
TSAc17 cis si-face O cis to indane equatorial Rpip2 9.15 0.00% 8.13 0.00% 
TSAc18 cis si-face O cis to indane equatorial Rpip3 2.83 0.64% 1.71 2.05% 
TSAc19 cis si-face O cis to indane equatorial Spip2 4.42 0.04% 3.76 0.06% 
TSAc20 cis si-face O cis to indane equatorial Spip3 6.51 0.00% 5.24 0.01% 
TSAc21 cis si-face O cis to indane axial Rpip1 6.96 0.00% 5.69 0.00% 
TSAc22 cis si-face O cis to indane axial Rpip4 4.09 0.08% 3.39 0.12% 
TSAc23 cis si-face O cis to indane axial Spip1 9.77 0.00% 8.71 0.00% 
TSAc24 cis si-face O cis to indane axial Spip4 5.27 0.01% 4.05 0.04% 
TSAc25 cis si-face O trans to indane equatorial Rpip2 7.23 0.00% 7.83 0.00% 
TSAc26 cis si-face O trans to indane equatorial Rpip3 1.55 5.56% 1.65 2.27% 
TSAc27 cis si-face O trans to indane equatorial Spip2 3.74 0.14% 3.59 0.08% 
TSAc28 cis si-face O trans to indane equatorial Spip3 5.64 0.01% 5.14 0.01% 
TSAc29 cis si-face O trans to indane axial Rpip1 6.02 0.00% 5.48 0.00% 
TSAc30 cis si-face O trans to indane axial Rpip4 3.85 0.12% 3.50 0.10% 
TSAc31 cis si-face O trans to indane axial Spip1 9.32 0.00% 8.91 0.00% 
TSAc32 cis si-face O trans to indane axial Spip4 4.41 0.04% 4.18 0.03% 
TSAc33 trans re-face O cis to indane equatorial Rpip2 4.29 0.05% 2.68 0.40% 
TSAc34 trans re-face O cis to indane equatorial Rpip3 2.15 2.04% 0.50 15.70% 
TSAc35 trans re-face O cis to indane equatorial Spip2 6.26 0.00% 5.09 0.01% 
TSAc36 trans re-face O cis to indane equatorial Spip3 6.06 0.00% 4.42 0.02% 
TSAc37 trans re-face O cis to indane axial Rpip1 8.20 0.00% 6.40 0.00% 
TSAc38 trans re-face O cis to indane axial Rpip4 4.42 0.04% 2.57 0.48% 
TSAc39 trans re-face O cis to indane axial Spip1 6.19 0.00% 4.31 0.03% 
TSAc40 trans re-face O cis to indane axial Spip4 5.35 0.01% 3.51 0.10% 
TSAc41 trans re-face O trans to indane equatorial Rpip2 4.52 0.04% 3.21 0.16% 
TSAc42 trans re-face O trans to indane equatorial Rpip3 2.55 1.03% 1.20 4.80% 
TSAc43 trans re-face O trans to indane equatorial Spip2 7.01 0.00% 6.21 0.00% 
TSAc44 trans re-face O trans to indane equatorial Spip3 6.63 0.00% 5.32 0.00% 
TSAc45 trans re-face O trans to indane axial Rpip1 8.80 0.00% 7.46 0.00% 
  
  
17
9 
TSAc 
Ester 
Rotamer 
Carbonyl 
Approach 
Morpholine 
Conformation 
Amine 
Lone Pair 
Orientation 
Piperidine 
conf 
Rel 
!G 
Boltz% 
(G) 
Rel 
!H 
Boltz% 
(H) 
TSAc46 trans re-face O trans to indane axial Rpip4 5.20 0.01% 3.77 0.06% 
TSAc47 trans re-face O trans to indane axial Spip1 6.65 0.00% 5.01 0.01% 
TSAc48 trans re-face O trans to indane axial Spip4 5.64 0.01% 4.23 0.03% 
TSAc49 trans si-face O cis to indane equatorial Rpip2 5.74 0.00% 5.09 0.01% 
TSAc50 trans si-face O cis to indane equatorial Rpip3 5.35 0.01% 4.14 0.03% 
TSAc51 trans si-face O cis to indane equatorial Spip2 3.22 0.33% 2.08 1.09% 
TSAc52 trans si-face O cis to indane equatorial Spip3 1.23 9.65% 0.07 32.59% 
TSAc53 trans si-face O cis to indane axial Rpip1 5.38 0.01% 3.85 0.06% 
TSAc54 trans si-face O cis to indane axial Rpip4 4.47 0.04% 3.16 0.18% 
TSAc55 trans si-face O cis to indane axial Spip1 7.52 0.00% 6.33 0.00% 
TSAc56 trans si-face O cis to indane axial Spip4 4.35 0.05% 2.89 0.28% 
TSAc57 trans si-face O trans to indane equatorial Rpip2 8.00 0.00% 7.45 0.00% 
TSAc58 trans si-face O trans to indane equatorial Rpip3 8.03 0.00% 7.00 0.00% 
TSAc59 trans si-face O trans to indane equatorial Spip2 5.85 0.00% 4.75 0.01% 
TSAc60 trans si-face O trans to indane equatorial Spip3 4.14 0.07% 3.01 0.23% 
TSAc61 trans si-face O trans to indane axial Rpip1 7.84 0.00% 6.49 0.00% 
TSAc62 trans si-face O trans to indane axial Rpip4 7.14 0.00% 5.99 0.00% 
TSAc63 trans si-face O trans to indane axial Spip1 9.94 0.00% 8.81 0.00% 
TSAc64 trans si-face O trans to indane axial Spip4 6.54 0.00% 5.17 0.01% 
         
       
G 
(solv)  
H  
(solv) 
      krel= 7.83  2.63 
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Appendix B: Spectral Data 
B.1  Copies of 1H and 13C NMR Spectra. 
 
 
Figure B.1.1  1H NMR spectrum of  3.24 (500 MHz, CDCl3). 
 
 
Figure B.1.2  13C NMR spectrum of  3.24 (125 MHz, CDCl3). 
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Figure B.1.3  1H NMR spectrum of  3.27 (500 MHz, DMSO). 
 
Figure B.1.4  1H NMR spectrum of  3.27 (500 MHz, CDCl3). 
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Figure B.1.5  1H NMR spectrum of  3.28 (300 MHz, CDCl3). 
 
 
Figure B.1.6  13C NMR spectrum of 3.28 (125 MHz, CDCl3). 
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Figure B.1.7  1H NMR spectrum of 3.31 (300 MHz, CDCl3). 
 
Figure B.1.8  13C NMR spectrum of 3.31 (125 MHz, CDCl3). 
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Figure B.1.9  1H NMR spectrum of 3.32 (500 MHz, CDCl3). 
 
Figure B.1.10  13C NMR spectrum of 3.32 (125 MHz, CDCl3). 
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Figure B.1.11  1H NMR spectrum of 3.33 (300 MHz, CDCl3). 
 
Figure B.1.12  13C NMR spectrum of 3.33 (125 MHz, CDCl3). 
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Figure B.1.13  1H NMR spectrum of 3.35 (300 MHz, CDCl3). 
 
Figure B.1.14  13C NMR spectrum of 3.35 (125 MHz, CDCl3). 
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Figure B.1.15  1H NMR spectrum of 3.45 (500 MHz, CDCl3). 
 
 
Figure B.1.16  13C NMR spectrum of 3.45 (125 MHz, CDCl3). 
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Figure B.1.17  1H NMR spectrum of 3.47 (500 MHz, d6-DMSO). 
 
Figure B.1.18  13C NMR spectrum of 3.47 (125 MHz, CDCl3). 
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Figure B.1.19  1H NMR spectrum of 3.61 (300 MHz, CDCl3). 
 
Figure B.1.20  13C NMR spectrum of 3.61 (75 MHz, CDCl3). 
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B.2  X-ray Structure Determination of Compound 3.15 
Me
OHMe
HO
Me
Me
Me
Me
 
 
Compound 3.15, C18H22O2, crystallizes in the orthorhombic space group P21212 
(systematic absences h00:  h=odd and 0k0:  k=odd) with a=16.2248(16)Å, b=21.607(2)Å, 
c=8.7927(8)Å, V=3082.5(5)Å3, Z=8, and dcalc=1.165 g/cm3 . X-ray intensity data were 
collected on a Bruker APEXII CCD area detector employing graphite-monochromated 
Cu-K! radiation ("=1.54178 Å) at a temperature of 143(1)K. Preliminary indexing was 
performed from a series of thirty-six 0.5° rotation frames with exposures of 10 seconds. 
A total of 3594 frames were collected with a crystal to detector distance of 37.6 mm, 
rotation widths of 0.5° and exposures of 20 seconds:  
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scan type 2! " # $ frames 
# 92.00 88.66 -11.29 -26.26 739 
# 27.00 37.76 -28.09 -68.45 623 
" -38.00 25.82 -120.28 -61.99 63 
# -63.00 6.93 -67.56 -68.45 84 
" -43.00 -24.99 -84.74 -33.72 132 
# 42.00 340.63 56.01 62.65 224 
# 87.00 76.65 -315.92 62.65 708 
# 92.00 198.97 3.91 -82.85 635 
" 12.00 13.30 -76.87 -99.41 62 
" 92.00 -207.78 -93.53 -93.68 171 
" 92.00 -12.19 -42.47 90.29 153 
 Rotation frames were integrated using SAINT1, producing a listing of unaveraged F2 
and %(F2) values which were then passed to the SHELXTL2 program package for further 
processing and structure solution. A total of 17988 reflections were measured over the 
ranges 3.41 & ! & 64.74°, -16 & h & 18, -24 & k & 25, -9 & l & 10 yielding 5084 unique 
reflections (Rint = 0.0244). The intensity data were corrected for Lorentz and polarization 
effects and for absorption using SADABS3 (minimum and maximum transmission 
0.6793, 0.7525). 
The structure was solved by direct methods (SHELXS-974). Refinement was by full-
matrix least squares based on F2 using SHELXL-97.5 All reflections were used during 
refinement. The weighting scheme used was w=1/[%2(Fo2 )+ (0.0550P)2 + 0.3428P] where 
P = (Fo 2 + 2Fc2)/3. Non-hydrogen atoms were refined anisotropically and hydrogen atoms 
were refined using a riding model.  Refinement converged to R1=0.0301 and 
wR2=0.0829 for 4936 observed reflections for which F > 4%(F) and R1=0.0310 and 
wR2=0.0838 and GOF =1.027 for all 5084 unique, non-zero reflections and 378 
variables.6 The maximum '/% in the final cycle of least squares was 0.001 and the two 
most prominent peaks in the final difference Fourier were +0.166 and -0.133 e/Å3. The 
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absolute structure parameter y7 was calculated using PLATON8. The resulting value was 
y = 0.07(5) indicating that the absolute structure has been assigned correctly. 
Table B.2.1 lists cell information, data collection parameters, and refinement data. 
Final positional and equivalent isotropic thermal parameters are given in Table B.2.2 and  
Table B.2.3.  Anisotropic thermal parameters are in Table B.2.4.  Table B.2.5 and Table 
B.2.6 list bond distances and bond angles.  Figure B.2.1 is an ORTEP9 representation of 
the two molecules in the asymmetric unit with 30% probability thermal ellipsoids 
displayed. 
 
                     
Figure B.2.1  ORTEP drawing of the two molecules in the asymmetric unit with 30% 
probability thermal ellipsoids. 
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Table B.2.1  Summary of Structure Determination of Compound 3.15 
Empirical formula  C18H22O2 
Formula weight  270.36 
Temperature  143(1) K 
Wavelength  1.54178 Å 
Crystal system  orthorhombic 
Space group  P21212  
Cell constants:   
a  16.2248(16) Å 
b  21.607(2) Å 
c  8.7927(8) Å 
Volume 3082.5(5) Å3 
Z 8 
Density (calculated) 1.165 Mg/m3 
Absorption coefficient 0.582 mm-1 
F(000) 1168 
Crystal size 0.38 x 0.32 x 0.07 mm3 
Theta range for data collection 3.41 to 64.74° 
Index ranges -16 £ h £ 18, -24 £ k £ 25, -9 £ l £ 10 
Reflections collected 17988 
Independent reflections 5084 [R(int) = 0.0244] 
Completeness to theta = 64.74° 97.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7525 and 0.6793 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5084 / 0 / 378 
Goodness-of-fit on F2 1.027 
Final R indices [I>2sigma(I)] R1 = 0.0301, wR2 = 0.0829 
R indices (all data) R1 = 0.0310, wR2 = 0.0838 
Absolute structure parameter 0.09(15) 
Largest diff. peak and hole 0.166 and -0.133 e.Å-3 
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Table B.2.2  Refined Positional Parameters for Compound 3.15. 
 
  Atom x y z Ueq, Å2 
C1 0.36300(8) 0.21134(6) 0.71112(16) 0.0321(3) 
C2 0.30129(8) 0.23557(7) 0.80394(16) 0.0337(3) 
C3 0.26496(9) 0.19610(7) 0.91091(16) 0.0366(3) 
C4 0.29254(9) 0.13533(7) 0.92284(17) 0.0407(3) 
C5 0.35392(10) 0.11117(7) 0.83009(18) 0.0411(3) 
C6 0.38928(9) 0.14969(6) 0.71935(17) 0.0360(3) 
C7 0.45184(9) 0.12642(6) 0.60825(19) 0.0388(3) 
C8 0.53451(10) 0.12072(7) 0.6509(2) 0.0459(4) 
C9 0.59492(10) 0.09778(7) 0.5525(2) 0.0518(5) 
C10 0.57110(10) 0.08026(7) 0.4069(2) 0.0525(5) 
C11 0.48925(10) 0.08628(7) 0.3635(2) 0.0490(4) 
C12 0.42923(9) 0.10949(7) 0.4600(2) 0.0412(3) 
C13 0.27604(9) 0.30200(7) 0.78587(18) 0.0408(3) 
C14 0.19677(10) 0.21831(9) 1.01299(19) 0.0482(4) 
C15 0.38201(13) 0.04510(8) 0.8459(3) 0.0618(5) 
C16 0.68312(11) 0.09294(10) 0.6073(3) 0.0740(7) 
C17 0.63310(12) 0.05594(9) 0.2939(3) 0.0757(7) 
C18 0.34176(10) 0.11682(9) 0.4064(2) 0.0521(4) 
O1 0.39804(6) 0.25141(4) 0.60855(12) 0.0380(2) 
O2 0.55903(7) 0.13781(7) 0.79466(16) 0.0621(3) 
C1' 0.54367(8) 0.38286(6) 0.75044(15) 0.0292(3) 
C2' 0.57276(8) 0.42279(6) 0.86420(15) 0.0315(3) 
C3' 0.62295(8) 0.47214(6) 0.82088(16) 0.0321(3) 
C4' 0.64288(8) 0.48040(6) 0.66863(16) 0.0329(3) 
C5' 0.61606(8) 0.43989(6) 0.55638(15) 0.0300(3) 
C6' 0.56544(8) 0.39023(6) 0.59784(15) 0.0282(3) 
C7' 0.53754(8) 0.34397(6) 0.48230(14) 0.0280(3) 
C8' 0.46740(8) 0.35660(6) 0.39495(15) 0.0311(3) 
C9' 0.43989(8) 0.31695(7) 0.27992(15) 0.0340(3) 
C10' 0.48490(9) 0.26308(6) 0.25324(16) 0.0351(3) 
C11' 0.55279(9) 0.24917(7) 0.34333(16) 0.0350(3) 
C12' 0.58016(8) 0.28874(6) 0.45823(15) 0.0307(3) 
C13' 0.55145(10) 0.41055(8) 1.02775(17) 0.0426(3) 
C14' 0.65612(10) 0.51676(7) 0.93731(19) 0.0439(4) 
C15' 0.64169(10) 0.44838(7) 0.39328(16) 0.0393(3) 
C16' 0.36403(10) 0.33251(8) 0.1903(2) 0.0486(4) 
C17' 0.46213(12) 0.22029(8) 0.12396(19) 0.0502(4) 
C18' 0.65357(10) 0.27195(7) 0.55278(19) 0.0430(4) 
O1' 0.49379(6) 0.33536(5) 0.79630(11) 0.0392(2) 
O2' 0.42267(7) 0.40930(5) 0.41863(13) 0.0443(3) 
Ueq=1/3[U11(aa*)2+U22(bb*)2+U33(cc*)2+2U12aa*bb*cos !+2U13aa*cc*cos "+2U23bb*cc*cos#] 
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Table B.2.3  Refined Positional Parameters for Compound 3.15. 
 
  Atom x y z Uiso, Å2 
H4 0.2689 0.1098 0.9960 0.054 
H11 0.4741 0.0743 0.2658 0.065 
H13a 0.2225 0.3080 0.8298 0.061 
H13b 0.2743 0.3123 0.6797 0.061 
H13c 0.3152 0.3282 0.8365 0.061 
H14a 0.1489 0.2274 0.9530 0.072 
H14b 0.2142 0.2550 1.0655 0.072 
H14c 0.1837 0.1867 1.0857 0.072 
H15a 0.4362 0.0442 0.8897 0.093 
H15b 0.3833 0.0259 0.7475 0.093 
H15c 0.3445 0.0231 0.9106 0.093 
H16a 0.7032 0.0518 0.5896 0.111 
H16b 0.6854 0.1019 0.7141 0.111 
H16c 0.7167 0.1220 0.5529 0.111 
H17a 0.6756 0.0862 0.2788 0.114 
H17b 0.6061 0.0478 0.1988 0.114 
H17c 0.6570 0.0184 0.3321 0.114 
H18a 0.3369 0.1014 0.3044 0.078 
H18b 0.3269 0.1598 0.4086 0.078 
H18c 0.3056 0.0939 0.4721 0.078 
H1 0.4289 0.2322 0.5517 0.057 
H2 0.5186 0.1481 0.8446 0.093 
H4' 0.6752 0.5141 0.6409 0.044 
H11' 0.5809 0.2123 0.3265 0.047 
H13a' 0.5099 0.3790 1.0331 0.064 
H13b' 0.5311 0.4479 1.0736 0.064 
H13c' 0.5998 0.3970 1.0811 0.064 
H14a' 0.6995 0.5409 0.8928 0.066 
H14b' 0.6773 0.4941 1.0227 0.066 
H14c' 0.6127 0.5437 0.9706 0.066 
H15a' 0.6800 0.4821 0.3862 0.059 
H15b' 0.5940 0.4573 0.3324 0.059 
H15c' 0.6674 0.4112 0.3572 0.059 
H16a' 0.3189 0.3076 0.2251 0.073 
H16b' 0.3738 0.3245 0.0844 0.073 
H16c' 0.3509 0.3755 0.2040 0.073 
H17a' 0.4071 0.2051 0.1390 0.075 
H17b' 0.4999 0.1861 0.1212 0.075 
H17c' 0.4649 0.2425 0.0295 0.075 
H18a' 0.6355 0.2540 0.6469 0.065 
H18b' 0.6854 0.3085 0.5734 0.065 
H18Fc' 0.6869 0.2426 0.4987 0.065 
H1' 0.4762 0.3170 0.7215 0.059 
H2' 0.4420 0.4284 0.4910 0.066 
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Table B.2.4  Refined Thermal Parameters (U's) for Compound 3.15. 
 
Atom U11 U22 U33 U23 U13 U12 
C1 0.0283(7) 0.0340(7) 0.0338(7) -0.0009(6) -0.0011(6) -0.0072(5) 
C2 0.0284(7) 0.0393(8) 0.0335(7) -0.0024(6) -0.0036(6) -0.0057(5) 
C3 0.0322(7) 0.0468(8) 0.0309(7) -0.0042(6) -0.0027(6) -0.0118(6) 
C4 0.0395(8) 0.0465(8) 0.0360(8) 0.0045(7) -0.0007(6) -0.0161(6) 
C5 0.0375(7) 0.0401(8) 0.0457(8) 0.0062(7) -0.0055(7) -0.0066(6) 
C6 0.0286(7) 0.0354(8) 0.0439(8) 0.0006(6) -0.0015(6) -0.0047(6) 
C7 0.0321(7) 0.0302(7) 0.0542(9) 0.0025(7) 0.0042(7) -0.0011(6) 
C8 0.0357(8) 0.0396(8) 0.0624(10) 0.0069(7) -0.0010(7) -0.0010(6) 
C9 0.0315(8) 0.0335(8) 0.0906(14) 0.0122(9) 0.0094(8) 0.0039(6) 
C10 0.0416(9) 0.0280(7) 0.0880(13) -0.0027(8) 0.0188(9) 0.0000(6) 
C11 0.0471(9) 0.0341(8) 0.0659(11) -0.0116(8) 0.0147(8) -0.0053(7) 
C12 0.0357(8) 0.0314(7) 0.0565(9) -0.0069(7) 0.0055(7) -0.0035(6) 
C13 0.0390(8) 0.0402(8) 0.0433(8) -0.0063(7) 0.0021(7) 0.0004(6) 
C14 0.0432(9) 0.0602(10) 0.0413(8) -0.0111(8) 0.0087(7) -0.0147(7) 
C15 0.0635(11) 0.0430(9) 0.0790(13) 0.0163(9) 0.0051(10) -0.0017(8) 
C16 0.0353(9) 0.0638(12) 0.1229(19) 0.0275(13) 0.0051(11) 0.0090(8) 
C17 0.0553(11) 0.0445(10) 0.1273(19) -0.0167(12) 0.0410(13) -0.0009(8) 
C18 0.0403(9) 0.0592(10) 0.0567(10) -0.0157(8) 0.0011(8) -0.0044(7) 
O1 0.0405(6) 0.0332(5) 0.0403(5) 0.0013(4) 0.0096(4) -0.0035(4) 
O2 0.0419(6) 0.0774(9) 0.0669(8) 0.0071(7) -0.0095(6) -0.0004(6) 
C1' 0.0267(6) 0.0317(7) 0.0293(6) 0.0005(5) 0.0005(5) -0.0022(5) 
C2' 0.0305(7) 0.0358(7) 0.0281(7) -0.0044(5) 0.0003(6) 0.0043(5) 
C3' 0.0285(7) 0.0324(7) 0.0353(7) -0.0069(6) -0.0031(5) 0.0040(5) 
C4' 0.0302(6) 0.0309(7) 0.0375(7) -0.0019(6) -0.0005(6) -0.0039(5) 
C5' 0.0282(6) 0.0316(7) 0.0304(7) -0.0002(6) -0.0008(5) -0.0015(5) 
C6' 0.0273(6) 0.0296(7) 0.0277(6) -0.0011(5) -0.0018(5) 0.0005(5) 
C7' 0.0294(6) 0.0309(7) 0.0237(6) 0.0012(5) 0.0008(5) -0.0063(5) 
C8' 0.0299(6) 0.0338(7) 0.0298(7) 0.0029(5) 0.0005(5) -0.0031(5) 
C9' 0.0334(7) 0.0398(8) 0.0288(7) 0.0039(6) -0.0023(6) -0.0094(6) 
C10' 0.0417(8) 0.0342(7) 0.0293(7) -0.0011(6) -0.0009(6) -0.0113(6) 
C11' 0.0392(8) 0.0329(7) 0.0329(7) -0.0032(6) -0.0007(6) -0.0021(6) 
C12' 0.0320(7) 0.0317(7) 0.0283(6) 0.0004(5) 0.0003(6) -0.0037(5) 
C13' 0.0484(8) 0.0507(9) 0.0288(7) -0.0053(6) 0.0014(6) -0.0011(7) 
C14' 0.0428(8) 0.0446(8) 0.0442(8) -0.0142(7) -0.0012(7) -0.0028(7) 
C15' 0.0440(8) 0.0414(8) 0.0325(7) 0.0002(6) 0.0034(6) -0.0115(6) 
C16' 0.0436(9) 0.0575(10) 0.0447(9) -0.0006(8) -0.0152(7) -0.0049(7) 
C17' 0.0653(10) 0.0461(9) 0.0393(8) -0.0088(7) -0.0116(8) -0.0107(8) 
C18' 0.0397(8) 0.0414(8) 0.0479(9) -0.0081(7) -0.0098(7) 0.0050(7) 
O1' 0.0460(6) 0.0421(6) 0.0297(5) -0.0002(4) 0.0032(4) -0.0145(5) 
O2' 0.0419(6) 0.0425(6) 0.0486(6) -0.0082(5) -0.0118(5) 0.0093(5) 
The form of the anisotropic displacement parameter is: 
exp[-2!2(a*2U11h2+b*2U22k2+c*2U33l2+2b*c*U23kl+2a*c*U13hl+2a*b*U12hk)] 
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  Table B.2.5  Bond Distances in Compound 3.15, Å. 
 
C1-O1  1.3733(17) C1-C2  1.394(2) C1-C6  1.400(2) 
C2-C3  1.400(2) C2-C13  1.501(2) C3-C4  1.391(2) 
C3-C14  1.503(2) C4-C5  1.389(2) C5-C6  1.404(2) 
C5-C15  1.505(2) C6-C7  1.496(2) C7-C8  1.398(2) 
C7-C12  1.402(2) C8-O2  1.376(2) C8-C9  1.398(2) 
C9-C10  1.390(3) C9-C16  1.514(3) C10-C11  1.388(3) 
C10-C17  1.508(2) C11-C12  1.386(2) C12-C18  1.504(2) 
C1'-O1'  1.3677(16) C1'-C6'  1.3966(19) C1'-C2'  1.4028(19) 
C2'-C3'  1.395(2) C2'-C13'  1.503(2) C3'-C4'  1.389(2) 
C3'-C14'  1.506(2) C4'-C5'  1.3893(19) C5'-C6'  1.3995(19) 
C5'-C15'  1.5044(19) C6'-C7'  1.4954(18) C7'-C12'  1.3953(19) 
C7'-C8'  1.3999(19) C8'-O2'  1.3662(17) C8'-C9'  1.3987(19) 
C9'-C10'  1.394(2) C9'-C16'  1.500(2) C10'-C11'  1.390(2) 
C10'-C17'  1.511(2) C11'-C12'  1.3960(19) C12'-C18'  1.497(2) 
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Table B.2.6  Bond Angles in Compound 3.15, °. 
 
O1-C1-C2 116.43(12) O1-C1-C6 120.50(12) C2-C1-C6 123.07(13) 
C1-C2-C3 117.85(13) C1-C2-C13 119.55(13) C3-C2-C13 122.60(14) 
C4-C3-C2 119.36(14) C4-C3-C14 119.54(14) C2-C3-C14 121.10(15) 
C5-C4-C3 122.76(14) C4-C5-C6 118.52(14) C4-C5-C15 121.29(15) 
C6-C5-C15 120.19(15) C1-C6-C5 118.39(14) C1-C6-C7 119.52(13) 
C5-C6-C7 122.07(13) C8-C7-C12 118.50(15) C8-C7-C6 120.36(15) 
C12-C7-C6 121.14(13) O2-C8-C9 117.47(15) O2-C8-C7 120.02(15) 
C9-C8-C7 122.52(17) C10-C9-C8 118.15(15) C10-C9-C16 122.51(18) 
C8-C9-C16 119.34(19) C11-C10-C9 119.60(16) C11-C10-
C17 
119.31(19) 
C9-C10-C17 121.07(17) C12-C11-
C10 
122.53(18) C11-C12-C7 118.67(15) 
C11-C12-
C18 
120.62(16) C7-C12-C18 120.70(14) O1'-C1'-C6' 121.23(12) 
O1'-C1'-C2' 116.77(12) C6'-C1'-C2' 121.99(12) C3'-C2'-C1' 118.16(12) 
C3'-C2'-C13' 122.03(12) C1'-C2'-C13' 119.78(13) C4'-C3'-C2' 119.84(12) 
C4'-C3'-C14' 119.33(13) C2'-C3'-C14' 120.83(13) C3'-C4'-C5' 122.06(13) 
C4'-C5'-C6' 118.81(12) C4'-C5'-C15' 120.91(12) C6'-C5'-C15' 120.27(12) 
C1'-C6'-C5' 119.09(12) C1'-C6'-C7' 119.99(12) C5'-C6'-C7' 120.87(12) 
C12'-C7'-C8' 119.11(12) C12'-C7'-C6' 121.65(12) C8'-C7'-C6' 119.24(12) 
O2'-C8'-C9' 116.82(12) O2'-C8'-C7' 120.72(12) C9'-C8'-C7' 122.46(13) 
C10'-C9'-C8' 117.77(13) C10'-C9'-
C16' 
121.92(13) C8'-C9'-C16' 120.31(13) 
C11'-C10'-
C9' 
119.99(13) C11'-C10'-
C17' 
119.36(14) C9'-C10'-
C17' 
120.63(14) 
C10'-C11'-
C12' 
122.16(13) C7'-C12'-
C11' 
118.41(12) C7'-C12'-
C18' 
121.15(12) 
C11'-C12'-
C18' 
120.44(13)     
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